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INTRODUCTION 


By Hilary Koprowski* 


Lederle Laboratories Division, American Cyanamid Com pany, Pearl River, N. Y. 


Although poliomyelitis has already received a great deal of attention, it is 
of a complexity and importance that demand continued study from a great 
variety of approaches, and the reports made in this monograph represent a 
wide range of investigation. The results obtained by one worker often illumi- 
nate and extend the comprehension of another, and that, it is hoped, will 
be one of the accomplishments of this publication. 

At the outset, it may be well to consider the views of Aristotle, who, as far 
as we know, was the first to proclaim explicitly that man is a rational animal. 
His reason was one which does not seem very impressive today. It was that 
some people can do sums. Bertrand Russell, in his essay An Outline of Intel- 
lectual Rubbish,‘ commenting upon Aristotle’s axiom, said “Throughout a long 
life, I have looked diligently for evidence in favor of this statement (that man 
is a rational animal) but so far I have not had the good fortune to come across 
it, though I have searched in many countries spread over three continents.” 
It is not certain whether Bertrand Russell is familiar with poliomyelitis research. 
It is certain Aristotle was not. If the latter were alive today, would he find in 
the fact that men do research in the field of poliomyelitis a good reason to 
place them in the category of rational animals? It is not easy to reply to 
that question in the affirmative without some reservation. 

The feeling of mistrust expressed occasionally by scientists working on 
poliomyelitis towards concepts of research other than their own leads one to 
wonder if the remarks of the great French poet Paul Valery about history 
might not be applied to this field. Valery described history as “the most 
dangerous product that the chemistry of the intellect has invented. Its 
properties are well known. It engenders dreams, it intoxicates the workers, it 
begets false memories, keeps their old wounds open, disturbs their sleep, leads 
them to delusions of grandeur or of persecution, and makes scientists bitter, 
arrogant, insufferable and vain.” One feels this way only on rare occasions, 
and it is hoped that the results of this conference will prove how wrong and 
unjustified it would be to apply Valery’s words to poliomyelitis research. 

Because of the subject of the conference, it is difficult to decide whether it 
should be opened with a prayer or with a sort of hoopla. Perhaps the words 
of Aldous Huxley? should be quoted instead, “All great truths are obvious 
truths. But not all obvious truths are great truths.” 
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Part I. Poliomyelitis Virus and Methods for Its Study 


SOME PHYSICAL AND CHEMICAL PROPERTIES OF PURIFIED 
POLIOMYELITIS VIRUS PREPARATIONS* 


By Carlton E. Schwerdt and Frederick L. Schaffer 


Virus Laboratory, University of California, Berkeley, Calif. 


Studies of the physical and chemical properties of the poliomyelitis viruses 
have progressed slowly in the past because of the difficulties encountered in the 
isolation of the virus particles in pure form from infected tissues.'® Never- 
theless, rough estimates have been made of the virus particle size by ultra- 
filtration and ultracentrifugation analyses of the biological activity of crude 
suspensions of virus.7! The recent application of tissue culture methods to 
the propagation of the poliomyelitis viruses” has now greatly simplified the 
purification problem. Consequently, new attempts have been made to in- 
vestigate the virus particle by more direct observations.'*!* The purpose 
of this paper is to present the results of recent studies carried out in our labora- 
tory on (1) the identification of type 2 (Lansing and MEF1) poliomyelitis virus 
from infected central nervous system (CNS) and tissue culture sources, and (2) 
some of the physical and chemical properties of the isolated and purified par- 
ticles of MEF1 virus. 

Identification of the virus particle. The identification of the virus particles 
depended in part upon their concentration in a highly purified state. Puri- 
fication was achieved by a six-step procedure involving chemical and physical 
methods and is an outgrowth of the procedure developed earlier!*: for the 
purification of Lansing virus from infected cotton rat CNS tissue. 

The first five steps of the purification procedure used at present on polio- 
myelitis virus-infected monkey kidney tissue-culture fluid (TCF) are outlined 
briefly below. Batches of TCF ranging from 1 to 30 liters are adjusted to 
pH 4 at 4°C. and chilled methanol (—50°C.) is added immediately there- 
after to a final concentration of 15 percent. The precipitated virus is filtered 
off on celite and eluted with 1 M. NaCl at pH 9. The eluate that contains 
the virus is emulsified twice with n-butanol to extract lipids and denature 
nonviral proteins. Virus is then sedimented from the extracted eluate and 
clarified by one cycle of differential ultracentrifugation. The virus pellet re- 
suspended in isotonic saline buffered at pH 7.5 with phosphate is treated at 37° 
C. for one hour with crystalline ribonuclease and desoxyribonuclease in final 
concentrations of 2 wg. of each per ml. It is then subjected to a final cycle 
of differential ultracentrifugation. The concentration of virus achieved at this 
point in the procedure may be 1000 to 40,000 times greater than that of the 
original TCF. 

Purified virus concentrates prepared in this way from 30-liter batches of — 
TCF contained a pigment which appeared to be absent from previous concen- 

* Aided by a grant from the National Foundation For Infantile Paralysis, New York, N. Y 
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trates purified from one to eight liters of TCF. Pigmented concentrates were 
subjected, therefore, to electrophoresis in a small Tiselius cell. In M./15 
phosphate buffer at pH 7, the colored impurities moved as two components 
toward the anode with mobilities of approximately —4 and —5 X 107° 
cm.*/volt sec. The major component which usually constituted approxi- 
mately 80 per cent of the total mass of material as deduced from the schlieren 
diagrams moved in the same direction with the low mobility of —0.5 & 107 
cm.*/volt sec. This difference in mobilities has made possible the separation 
of the colored material from at least one half of the major component with 
which infectivity has been found to be associated. 

In our earlier work on the purification of Lansing virus from infected cotton 
rat CNS tissue,!*:” infectivity was followed by assay in cotton rats and ex- 
pressed as the number of 50 per cent lethal doses per ml. More recently, the 
infectivity of MEF1 virus purified from infected TCF has been measured 
by the plaque technique and expressed as the number of plaque-forming 
units (PFU) per ml. The monkey kidney epithelial cell monolayer used in 
the plaque assay was prepared essentially by Youngner’s method.! 

The identification of the physical particle with which infectivity is associated 
was accomplished by means of analytical electron microscopy.” This method 
utilizes the spray droplet technique developed by Backus and Williams.”? 
It involves, first, the spraying of microdroplets of a mixture of virus concen- 
trate and polystyrene latex (PSL) particles of known concentration upon a 
collodion covered specimen screen; next, drying in air; shadow casting with 
uranium; electron micrography; and, finally, counting directly the PSL refer- 
ence particles and any other characteristic particles of the virus concentrate 
observed in individual droplet patterns. If all particles of the sprayed sus- 
pension are randomly mixed, it is possible to calculate the concentration of the 
characteristic particles from the ratio of these particles and PSL reference 
particles. Thus, the correlation between any characteristic particle and in- 
fectivity can be determined. 

FicurE 1 illustrates an electron micrograph of a droplet pattern of a mixture 
of PSL particles and purified Lansing virus concentrate from infected cotton 
rat CNS tissue. The visible components in the circular pattern are the PSL 
reference particles which have a diameter of 260 my, irregularly shaped amor- 
phous masses, small particles of approximately 12 my diameter, and large 
uniform spheres of approximately 37 mp diameter. The latter two particles 
are more clearly demonstrated in the enlarged insert of FIGURE 1. The average 
diameter of the 37 my particle packed in linear arrays of 5 or more particles is 
28 mu. The latter value is believed to represent the more reliable estimate 
of the true diameter of the Lansing virus particle. 

The large 28 my particles were found only in concentrates from infected 
CNS tissue. The amorphous material and small particles (12 my) were 
demonstrated in concentrates from both normal and infected CNS tissue. The 
relationship between the number of 28 my diameter particles in Lansing virus 
concentrates and infectivity units was found to be constant from preparation 
to preparation. Expressed as the ratio of physical particles and LD 5 in cotton 
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Ficure 1. Spray droplet pattern of purified Lansing virus concentrate from cotton rat CNS at X8900 mag- 


nification with 28,000 insert which shows: A, the 28 my virus particles; B, the 12 my particles; and C, the amor- 
phous masses. 


rats, the average value 21,000 + 4000 was obtained for 10 different prepara- 
tions. 


Infectivity was shown not to be associated with the smaller particles (12 mp) 
by means of ultracentrifuge separation cell experiments. In these experi- 
ments, the infectivity was sedimented through a filter paper barrier in an 
analytical ultracentrifuge cell, so that 99 per cent of the virus activity was 
collected in the outer compartment while only 1 per cent remained in the 
inner chamber. ‘The distribution of the 28 mu particles corresponded precisely 
with that of the infectivity under these conditions. The distribution of the 12 
my particles, however, was 52 and 48 per cent for the outer and inner com- 
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Ficure 2. Spray droplet pattern of purified MEF1 virus concentrate from monkey kidney tissue culture 
fluid. Magnification 10,500. 


partments, respectively, which clearly indicated no correlation between the 
smaller particles and infectivity. 

The electron micrograph reproduced in FIGURE 2 is that of a typical spray 
droplet pattern of purified MEF1 virus concentrated from infected monkey 
kidney epithelial cell TCF. There is no evidence of amorphous or small 
particle impurities in such a pattern. ‘The ratio of physical particles and PFU 
was observed to be approximately 1000 + 500. Concentrates similarly pre- 
pared from either old and dying or young growing monkey kidney epithelial 
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TABLE 1 
COMPARISON OF LANSING AND MEF1 Purirrep Virus CONCENTRATES 


Lansing from CNS* MEF1 from TCFT 
Yield 1.5 mg. protein/kg. 0.1 mg. protein/1 
Specific infectivity 2 xX 10-2 gm. pro- | 1.6 X 10-4 gm. pro- 
tein/LDs50** tein/PFUt 
Physical particle/infective unit 21,000 + 4000/LDs5 1000 + 500/PFU 
Gm. protein/physical particle 10 x 10°" 1.4 xX 10°" 


* Lansing virus concentrate purified from infected cotton rat CNS. 

** Assayed by intracerebral inoculation in cotton rats. 

+ MEFi virus concentrate purified from infected monkey kidney TCF. 
t Plaque assay on monkey kidney epithelial cell layer. 


tissue-culture cells yielded no discrete, spherical particles visible by electron 
microscopy. 

A comparison of the results of Lansing and MEF 1 virus purification from 
cotton rat CNS and monkey kidney TCF, respectively, is summarized in TABLE 
1. The best criterion of the relative purity of the type 2 virus particles from 
infected CNS and TCF is the ratio, grams protein per physical particle. These 
data, recorded in the last row of TABLE 1, indicate that the tissue-culture source 
yielded purified concentrates of about seven times the purity of concentrates 
from CNS tissue. 

Physical and chemical properties. The studies reported here on the physical 
and chemical properties of poliomyelitis virus are those concerned solely with 
MEF1 virus isolated in a concentrated and highly purified form from 10 to 30 
liter batches of monkey kidney TCF. The properties determined by direct 
experimental observation are summarized in TABLE 2. 

The external morphology of the virus particle was investigated by electron 
microscopy in collaboration with R. C. Williams and his associates. FIGURE 
3 illustrates the spherical shape and uniform diameter of particles from an 
MEF virus concentrate. The uniformity in this air-dried specimen is demon- 
strated by the two dimensional crystalline arrays of particles. The average 
diameter of the hexagonally packed particles is 27 mu. Frozen dried speci- 
mens that are not subjected to the distorting effects of the surface tension 
forces of evaporating water yield individual spherical particles of the same 
diameter. 

_ The sedimentation of these spherical particles from an isotonic salt solution 
in an analytical ultracentrifuge is illustrated in FIGURE 4. The sharp boundary 


TABLE 2 
PROPERTIES OF MEF1 Virus ParticLEs DETERMINED BY Direct EXPERIMENTAL 
OBSERVATIONS 

Diameter (electron: microscopy): .«iecek see ee 27 + 2 mp 
es ae se ibpars co sais aut we py inake gs SRS TORE CEE ciehaaid ie eee 154 X 1078 
Partial specific volume (sedimentation in D2O)....................0-. 64 
OD9G/OD 0000s si... 5 eee ee ee 1.69 
Ei ee 10) U0) ie Sree eo 67 
NIELS rs ee ee 12.4 
RNA ESCHOMA 6 5.505. ons eee cee dik «ec 24 


Frcure 3. Purified MEF1 poliomyelitis virus air dried from an ammonium acetate suspension. The uni- 
oa of particle size is demonstrated by the existence of areas of hexagonal close packing. Magnification 
73,000. 


seen in the sedimentation diagram confirms the particle homogeneity observed 
in the electron microscope. Only one component is observed when either the 
ultraviolet absorption or the refractive index method of following sedimenta- 
tion is used. The sedimentation coefficient of a 0.02 per cent suspension of 
MEF1 virus particles is 154 X 10~* cm./sec./dyne/gm. 

If protein or virus particles are sedimented in various water-deuterium 
oxide saline mixtures, and the products of viscosity and sedimentation coeffi- 
cient in these mixtures are plotted as a function of the solvent mixture density, 
an estimate of the particles’ reciprocal partial specific volume can be made by 
an extrapolation to zero sedimentation. The validity of the relationship, 
particle density equals reciprocal partial specific volume, depends upon the 


i i ity ri : i itis virus using violet absorption optics. 
Frcure 4. Sedimentation velocity of purified MEF1 poliomyelitis virus using ultravio rpt tics. 
The mean centrifugal field for the first 15 exposures was 39,000 g., that for the last 3 exposures, 260,000 g. The 
interval between exposures was 2 minutes. S20 = 154 <x 10-48. 
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assumption that the H,O-D.O salt mixture of both particle solvate and solution 
have the same composition and density.”" One such experiment has been car- 
ried out in our laboratory with MEF1 virus particles and is represented by the 
curve in FIGURE 5. Although the curve is fitted by the method of least squares, 
the extrapolation is quite long, and the estimated partial specific volume of 0.64 
is subject, therefore, to some error. This determination must, of necessity, 
be repeated several times with different preparations of MEF 1 virus particles 
before a precise value can be offered with confidence. Nevertheless, the data 
obtained are sufficient to indicate that the particle is considerably heavier than 
simple protein, which has a partial specific volume of about 0.75. 

The ultraviolet absorption spectrum of a suspension of MEF 1 virus particles 
shown in FIGURE 6 is one characteristic of a nucleoprotein with a maximum at 
260 mp and a minimum at 241 my. The ratio of optical densities at 260 and 
280 mu is 1.69 and the extinction coefficient at 260 my for a one per cent sus- 
pension is 67. 

Chemical studies on MEF1 virus particle suspensions have been limited, 
so far, to an investigation of their nitrogen/phosphorus ratio and nucleic acid 
content. The particles’ molar nitrogen/phosphorus ratio is 12.4. Their 
ribonucleic acid (RNA) content, as determined by the orcinol color reaction,” 
is 24 per cent, while the indole color reaction method of Ceriotti® suggests a 
desoxyribonucleic acid (DNA) content less than 1 per cent. DNA, if present, 
therefore, is at a level within the limits of error of the method of analysis. 

Certain physical and chemical properties of the MEF1 particles have been 
estimated from related experimental data, as well as determined by direct 
measurements and analyses. For example, the partial specific volume of the 
particles has been calculated from the RNA fraction determined by chemical 
analysis. In this instance, the assumption is made that the partial specific 
volumes of the protein and RNA moieties are additive. In addition, the 
diameter and mass of the particles have been estimated by means of Stokes’s 
law, which applies to spherical particles of known sedimentation coefficient and 
partial specific volume. Finally, the nucleic acid fraction has been roughly 
estimated from ultraviolet absorption data, nitrogen/phosphorus ratio, and 
partial specific volume measurements. These estimates are summarized in 
TABLE 3. 

Discussion. The following physical picture of the virus particle has evolved 
as the result of the data collected so far. The particle is a uniform sphere with 
a diameter in the 22 to 27 my range. Chemical analysis indicates it contains 
about 24 per cent RNA and has an estimated partial specific volume of 0.69. 
Physical measurement yields a partial specific volume figure of 0.64, from which 
a 52 per cent RNA content may be estimated. The mass of the particle ex- 
pressed in molecular weight units, calculated from high and low partial specific 
volume estimates, is 7.3 X 10° and 5.3 X 10° respectively. 

It was noted above (TABLE 1) that one plaque-forming unit was equivalent 
to approximately 1000 physical particles. Dulbecco and Vogt'* have shown, 
however, that the initiation of a single plaque is a one particle phenomenon. 
Questions arise, then, regarding the other 99.9 per cent of the physical par- 
ticles which form no plaques. Are they inactive, or do the results mean that 
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the infection process is such that the probability of infection is 1 in 1000? If 
one considers them inactive, were they at any previous time infective, and do 
their chemical and physical properties differ from those which succeed in form- 
ing plaques? 

We have found that, for any one preparation, the particle/plaque ratio is 
constant for the crude tissue-culture fluid and the purified concentrate. This 
suggests that if the purification procedure does inactivate the virus, it con- 
comitantly causes particle disintegration. It is possible, however, to inactivate 
the virus thermally without parallel destruction of the particles themselves. 


1.0 l.2 1.4 1.6 
Solvent Density,gm./ml. 


i i i iscosi MEF1 virus particles in deuterium 
_ Sedimentation coefficients corrected for solvent viscosity of } V E I : 
Baa cons saline solutions plotted as a function of solvent density. The straight line was fitted by the 
method of least squares. 
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FicureE 6. Ultraviolet absorption spectrum of purified MEF1 virus particles suspension in saline. Maximum 
at 260 mp and minimum at 241 mu. 


Exposure to 37° C. for 66 hours results in 90 per cent loss of infectivity, but 
causes the destruction of only 10 per cent of the number of physical particles. 

Studies are now being made to determine whether the high particle/plaque 
ratio is the result of assaying virus preparations in which approximately only 
one particle per 1000 is really viable or is due to the infection of the tissue culture 
under suboptimal conditions. 

Summary. MEF1 poliomyelitis virus infectivity has been found to be as- 
sociated with spherical particles, uniform in size, with a diameter in the 22 to 
27 mu range. Chemical and physical studies indicate that the particles are 
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PROPERTIES OF MEF 1 Virus ParticLtes Estimatep From RELATED EXPERIMENTAL DATA 


Experimental 


Estimation 


Property 
Observation Method Value Method 
Partial specific 0.64 Sedimentation 0.69 RNA analysis 
volume, V in D,O-H.0 : 
mixtures 
Diameter (my) 27 Electron micro- 22 Stokes’ law, V = 
scopy 0.64 
25 Stokes’ law, V = 
0.69 
Mass (gm.) 1.4 X 10°" | Protein analyses .9 X 107” | Stokes’ law, V = 
and electron 0.64 
microscope 1.2 X 10” | Stokes’ law, V = 
count 0.69 
RNA fraction 24 Orcinol color re- Bo Ee at 260 my 
action 30 Nitrogen/Phos- 
phorus 
52 Vv 


V = 0.64 


nucleoproteins of the RNA type, that the nucleic acid constitutes approximately 
one fourth to one third the mass of the particles, and that they have a low 


partial specific volume compatible with their chemical composition. 


The 


physical particle/plaque ratio is approximately 1000, for which an explana- 
tion has yet to be found. 


1, Sasin, A. B. 


poliomyelitis. 
. Harrison, J. A. 
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Discussion of the Paper 


Docror A. R. Taytor (Parke, Davis & Co., Detroit, Mich.): We are in es- 
sential agreement with Doctor Schwerdt and his co-workers on the general 
size, and shape, sedimentation velocity, and specific infectivity of poliomyelitis 
virus. The yield of purified virus in our concentrates is about 5 to 10 times that 
which Doctor Schwerdt has indicated. This is undoubtedly associated with 
the higher titer tissue-culture fluids we have used as starting materials. Virus 
types 1 (Mahoney), 2 (MEF-1), and 3 (Saukett) have been obtained in the 
form of purified concentrates from filtered, trypsinized monkey kidney cell 
tissue-culture fluids (titer 10-* TCD per ml.), by means of a combination of 
alcohol precipitation, Sharples centrifugation, enzyme treatment, and ultra- 
centrifugation. Attention has been directed mainly to the elucidation of the 
fundamental properties of the approximately 30-millimicron particles with 
which the virus infectivity, and presumably the antigenicity, is associated. 
Also, the smaller 12-millimicron component of the tissue-culture fluids which 
appears to be at least partially responsible for the complement-fixing ac- 
tivity’ is being studied. Attempts to utilize the complement-fixing capacity 
of tissue-culture fluids and concentrates as a rapid method of indicating virus 
activity have been partially successful. With probably two distinct antigens 
involved, however, much more work is needed to establish the correlative 
relations. 

Doctor Schwerdt has indicated that the fundamental virus particle (28 my) 
is uniformly spherical. In our preparations, we have seen evidence of size 
variation dependent on various types of media and also evidence of possible 
internal structure. In shadowed electron micrographs of specimens prepared 
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us (MEF)) collodion over agar filtration mount shadowed with chromium after 
d contact of the collodion membrane with the agar. Particles are flattened and 
internal calibration polysytrene latex). 53000. 


Ficure 1. Poliomyelitis vir 
dehydration by allowing prolonge 
the apparent diameter measures 32 mp ( 


Ficure 2. Poliomyelitis virus (MEF,) shadowed and unshadowed. 
smaller than the shadowed image and the particle is possible concentrated 
centrally. Particles are also variable in size and shape. 63000. 


The transmission particle image is 
electron opaque material within the 
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so that the particles are hydrated at the time of the first exposure to high 
vacuum, the spherical shape is readily demonstrated In preparations de- 
hydrated before shadowing, however, we find definite flattening and increase 
in the apparent diameter, sometimes as much as 15 per cent (FIGURE 1). 
We believe also that there is evidence of compression of the particles visible 
in the central areas of large, closely packed arrays. Comparison of shadowed 
and unshadowed images of the virus (FIGURE 2) reveals that the transmission 
image is definitely smaller than the shadowed one, even when the thickness of 
the shadowing metal is considered. This is due apparently to the presence 
within the particle of dense electron opaque material. It is of interest to note 
that the transmission images are quite variable in size. In clumps and closely 
packed arrays, there appears to be an indication of a distinct spacing around 
the dense central areas. This spacing is evident in preparations made both 
from saline media and also from salt-free media. 
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TISSUE CULTURE TECHNIQUES AND THEIR APPLICATION TO 
ORIGINAL ISOLATION, GROWTH, AND ASSAY OF 
POLIOMYELITIS AND ORPHAN VIRUSES* 


By Joseph L. Melnick 


Yale University School of Medicine, New Haven, Conn. 


The first successful cultivation of poliovirus in tissue culture was accom- 
plished almost 20 years ago by the use of human embryonic nervous tissue. 
However, it was the discovery in 1949 by Enders, Weller, and Robbins, that 
poliovirus can multiply in cultures of nonnervous tissue which led to the present 
revolution in methodology of virus research. I dare say that most of the data 
to be discussed in this monograph will have been obtained by the newer tissue- 
culture methods, for these im vi/ro methods have proved to be faster, more con- 
venient, and more accurate than methods involving the inoculation of monkeys 
or mice. Techniques have been developed for the isolation and antigenic 
identification of polioviruses from clinical materials, and for the quantitative 
measurement of neutralizing antibodies. Furthermore, through the use of 
tissue cultures, complement-fixing antigens of all three viral types have become 
available. 

At the present time, details of procedure vary from one laboratory to the 
next, as may be expected during a stage of rapid evolution. The choice of 
methods is often dictated by local supply of suitable tissues and other ma- 
terials, although recent success with shipping susceptible cells from one conti- 
nent to another has made the local availability of tissue less of a problem. A 
number of articles’ have reviewed the early phases of tissue culture methodol- 
ogy that dealt with cultures of suspended fragments of tissues,? roller-tube cul- 
tures with tissue fragments fixed to the vessel wall by a plasma clot,° sta- 
tionary-tube cultures with tissue fragments made to adhere to the glass surface 
by preheating the vessel,® and susceptibility of cultures prepared from im- 
munized animals.’ These methods will not be discussed here, nor will the 
HeLa culture technique be described, for this method has been reviewed in 
detail by Syverton and Scherer.’ Rather, I shall bring to your attention 
certain more recently developed procedures and attendant problems. The 
present discussion will deal with: (1) methods of preparing trypsinized sus- 
pensions of monkey kidney cells and their subsequent growth in cultures; 
(2) multiplication of virus in such cultures; and (3) the use of tissue cultures in 
the isolation of poliomyelitis and orphan viruses from clinical specimens, 


Part 1. Recent Developments in Tissue Culture Techniques 


Dulbecco and Vogt* have reintroduced the Rous-Jones trypsinization pro- 
cedure for obtaining cells directly from minced tissue and growing them on glass 

* Aided by a grant from the National Foundation for Infantile Paralysis, Inc., New York, N. Y. 

t The term poliovirus is used here upon the recommendation of the Virus Subcommittee of the International 


Nomenclature Committee of the International Congress of Microbiology, The binomial of the virus of human 
poliomyelitis is given as Poliovirus hominis, 
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surfaces in the absence of a plasma clot. Cell suspensions prepared from 
kidney tissue produce luxuriant monolayer cultures on any clean glass surface 
in such containers as Petri dishes, test tubes, or bottles held in the stationary 
position. The method has been improved and made more quantitative by 
Youngner.'” More recently, Catherine Rappaport,!' working in New Haven, 
has been systematically investigating the procedure, with the result that the 
yield of cells per kidney has been increased by two to three times, and the 
cell suspension stabilized so that it can withstand shipping long distances, as 
from Bombay, India, to New Haven, Conn. 

The revised procedure uses a specially designed flask (FIGURE 1) which 
permits the use of a magnetic stirrer and has proved to be more convenient 
than the Waring blendor. The sides of a 500-ml. Erlenmeyer flask have been 
indented to increase the turbulence and cavitation during stirring, and a glass 
filter and outflow tube have been built into the bottom of the flask. After a 
preliminary incubation of one hour with prewarmed trypsin, warm trypsin is 
allowed to flow dropwise through the mixing chamber, exhausting the kidney 
fragments of their cells ina few hours. Trypsin is led in froma reservoir. The 
entire operation is automatic and takes place in a closed system. The tryp- 
sinization fluids flow into a bottle held in an ice-water bath, and the cells are 
collected by centrifuging at 200 rpm (11 times gravity) for 30 minutes. The 
force of centrifugation is critical, for higher speeds, even for short periods, have 
been found to destroy 30 to 60 per cent of the cells. About three ml. of packed 
cells are obtained per kidney. The trypsin is removed by aspiration, and 
the cells are resuspended in prewarmed growth medium. An average yield of 
4 to 5 X 10% cells are obtained per kidney. 

Rappaport found that freshly trypsinized kidney cells liberate a heat labile 
cytotoxic material, to the detriment of the culture. Thus, as shown in FIGURE 
2, within hours after the cells are held at 37° C., the cell count begins to drop, 
reaching a minimum 24 hours later with only about 10 per cent of cells remain- 
ing, a finding which agrees with Youngner’s recent report.'? Concomitantly 
with the decrease in the cell population, the cytotoxin increases in concentra- 
tion. The amount formed is a function of the number of cells and the result 
of active metabolism. It is not produced in measurable amounts in media that 
do not support cellular growth and multiplication. In such deficient media, 
no cytotoxin is produced, even though cellular disintegration may be complete 
in 12 hours. 

The cytotoxin is readily assayed by its action on 24-hour cultures, for it 
lyses the cells of such cultures in an hour or two. Cytotoxin 1s produced 
spontaneously in young cultures, but not in cultures which are about a week old 
and have grown into sheets of epithelial cells. If inoculated into old cultures, 
however, cytotoxin is produced and can be carried in series. The material is 
inactivated by heating at 60° C. for 30 minutes. 

We have not determined whether cytotoxin is synthesized normally in cells 
and liberated by cytotoxin-induced lysis, or whether cytotoxin actually induces 
its own synthesis, as in the case of the classic infectious agents, Inoculation of 
the cytotoxin into monkey kidneys i vivo failed to produce any disease and, 


a Qa 


Ficure 1. Apparatus for the automatic trypsinization of monkey kidney. Warm trypsin is siphoned into 
the flask in which mixing takes place by means of a magnetic stirrer. The turning of the stirrer keeps the tissue 


fragments from clogging the pores in the glass filter built into the bottom of the flask. The cell suspension flows 
into a reservoir held in an ice-water bath. 
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a few weeks after inoculation, the kidneys of the animals were removed and 
found apparently normal. At least, they produced normal cultures. 

Media. Cells will grow in a variety of media, ranging from those that con- 
tain natural ingredients such as embryo extracts, amniotic fluid, and serum 
_to those which contain complex synthetic mixtures such as No. 199 fortified 
by serum or proteins derived from it.” For use with trypsinized cells, we have 
developed an inexpensive medium which is simple to prepare. It consists of 
0.5 per cent lactalbumin enzymatic hydrolysate, 2 per cent calf serum, and 
97.5 per cent Hank’s salt solution (containing only half-strength NaHCO;). The 
following antibiotics are incorporated into the medium at the concentrations 
per ml. indicated: tetracyclin, 25 ug.; penicillin, 100 units; streptomycin, 100 
ug.; and rimocidin, 10 yg. 

Test-tube cultures are seeded with 200,000 cells contained in a volume of 
0.5 ml. The tubes are then held stationary at a slight incline at 37°C. In 
about four days, epithelial sheets form and the pH begins to fall. At this 
time, the culture fluid is replaced with one ml. of the lactalbumin medium, 


VIABILITY AND TM PRODUCTION 
DURING FIRST 24 HOURS 
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°o 


Viable cells ofter centrifugation _ 


ond resuspension to 0.5 x 10° ‘cells/ml 
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i iability i i i ise in c i f the toxic material 
Ficure 2. Decrease in cell count and viability is associated with a rise in concentration to) 
(TM), when the cell suspension is held at a concentration of 1 X 106 per ml. After the cells are held at SiGe 
the TM which forms must be removed for optimal growth i me cells ee Sn The ee 
i 2 6 cells per ml. ter centrifugation, the is removed wi h 
centration for growth was found to be 0.5 X_10® cells p Se rece etied in 


i is i ft n incubation period of several hours anc i g ; 
See ee ee ool concenteat Phan optimal, and growth in epithelial sheets is delayed. 


igi lume, the cell concentration is less t { f p | lay 
Se alle axe brought to 0.5 X 108 per ml., growth is as rapid and luxuriant as with the original 
suspension. Data obtained by Catherine Rappaport. 
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in which the more highly buffered Earle’s solution is substituted for Hanks’. 
Such cultures have a useful lifespan of about two weeks, without any further 
change of the fluid phase. 

Youngner has reported that the viability of cell suspensions is retained at 
a usable level for at least two days beyond the day of preparation, when kept 
at 4° C. in medium 199 to which 2 per cent horse serum has been added. In 
our experience, we have found that cells retain their viability, with little 
loss in number, for at least five days when kept at 0° C. in our 0.5 per cent 
lactalbumin hydrolysate medium to which 4 per cent calf serum has been 
added. Some suspensions have produced useful cultures after storage for over 
two weeks. This has enabled us to set up a cooperative experiment with 
Doctors Dushyant Banker and Pravin Bhatt of the Seth G. S. Medical College 
in Bombay, India. Using methods that were outlined to them in corre- 
spondence, these workers have been sending us weekly shipments of trypsinized 
cells. The refrigerated suspensions have been sent by air, arriving in the 
United States two days after being dispatched from Bombay. As shown in 
TABLE 1, the cell counts in New Haven do not vary markedly from those 
made on the suspensions before leaving Bombay. In New Haven, the cells 
have produced satisfactory culture tubes and bottles, which have responded 
to poliovirus as quantitatively, and have produced complement-fixation anti- 
gens as readily as cultures made from locally prepared cell suspensions. 

Although there have been no reports as yet on the serial propagation of 
monkey kidney cells im vitro, efforts have been made in this direction, and I 
know that we have not been alone in these efforts. It is not difficult to carry 
kidney cells for two or even three serial transfers but in our hands, beyond this 


TABLE 1 
UTILIZATION IN NEW HAVEN OF CELL SUSPENSIONS PREPARED IN BOMBAY 


Cell count in millions per ml. 
Lot number Days* of storage at 0°C. Rt a 

In Bombay In New Haven 
4 0.6 0.6 4 5 
4 0.6 0.6 8 5 
4 0.6 11 6 
5 0.6 0.3 4 5 
as) 0.6 OZ 8 6 
6A 0.6 0.3 5 5 
6B eZ 0.9 5 5 
6C 2.4 I 5 5 
6C 2.4 0.6 9 7 
7A 0.6 OFS 5 7 
7B Te 1.0 5 ij 
ie 2.4 DD, 5 5 
8A 0.6 0.5 5 5 
8B 122 0.9 5 5 
8C 2.4 La 5 5 


Days after try psinization that cells were stored, includin the eo e Ww 

I ’ g tim f transit on ice Cells were recounted 
on the day they were used for seeding cultures. fF rom 0.2 to 0.3 106 cells wer re} , ¢ t nd 
1.5 to 2.0 X 107 cells for Roux bottles. 3X Is e used to seed ulture ubes, a 


} Days of incubation necessary to form epithelial sheet after cultures were seeded. 
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Frcure 3. Preparation of suspension of second or third transfer cells from culture of monkey kidney grown in 
a Roux flask. The cells come loose as small flakes and quickly settle so that centrifugation is unnecessary. 


point, cultures have quickly lost their viability. Even so, second transfer 
kidney cells offer certain advantages for the virus laboratory, as already shown 
by Dulbecco and Vogt. 

They may readily be prepared” as illustrated in FIGURE 3. A one-week-old 
primary culture in a Roux flask contains about 10’ cells. The fluid phase of 
such a culture is replaced with 40 ml. of 0.25 per cent trypsin in phosphate- 
buffered saline (prewarmed to 37°C). Within 15 to 30 minutes, the epithelial 
sheet comes loose as small flakes. The trypsin, plus flakes from a number of 
bottles, is poured into a conical vessel and allowed to stand until the flakes 
settle to the bottom (about 15 minutes). The bulk of the trypsin solution 
is removed and the flakes are transferred to a conical graduated centrifuge tube 
and allowed to settle for 30 minutes. This permits an accurate measurement of 
cell volume and also the removal of most of the trypsin solution. Twenty 
volumes of lactalbumin-calf serum medium are added, and the flakes dispersed 
by drawing into, and ejecting from, a pipette or a 20-ml. syringe equipped with 
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an 18-gauge needle 4 or 5 times, or until the appearance of the suspension sug- 
gests that few large cell clumps remain. An aliquot of the cell suspension is 
stained with two volumes of 0.1 per cent crystal violet in0.1 M. citric acid, and 
counted in a hemocytometer. For use in seeding cultures where an epithelial 
sheet is desired in 24 hours, the suspension is diluted to give 150,000 cells per 
0.5 ml., the volume used for seeding. For use in the colorimetric test of Salk, 
Ward, and Youngner,!* 40,000 cells per 0.25 ml. volume are sufficient for addi- 
tion to each tube.* 

Second-passage cells have a greater viability than primary cells and, because 
little loss occurs during the first day of incubation, they can be employed at 
smaller concentrations. One further advantage is that second-passage cells 
may be stored in the lactalbumin-calf serum medium at 4° C. for several days 
with no apparent production of cytotoxic material. 

Before leaving this section of the paper dealing with tissue-culture techniques, 
I should like to call attention to two significant advances which have recently 
been made. First, Chang" has grown epithelial cells derived from normal 
human tissues (conjunctiva, liver, kidney, appendix), and has made con- 
tinuous subcultures by trypsinizing the parent cultures and cultivating the 
subcultures in human serum. The cell lines proved to be susceptible to 
poliovirus. 

Second, Scherer and Hoogasian'® found that HeLa cells may be preserved 
for at least seven months at —60° to —70° C. if 20 per cent glycerol is added 
to the suspending medium. Thus, the cell line may be stored frozen when 
it is not needed in the laboratory and, in addition, cells of the same passage level 
may be obtained for use in different experiments. 


Part 2. Growth of Established Strains of Poliovirus in Tissue Culture 


Poliovirus grows in susceptible cells in fashion similar to the multiplication 
of phage in bacteria. First, the virus particles are adsorbed to the cells. A 
latent period follows in which the amount of virus in the culture fluid remains 
constant for a few hours, and then new virus particles are released from the in- 
fected cells. If the number of virus particles inoculated is insufficient to infect 
all the cells in the culture, the process is repeated until all the susceptible cells 
are infected. Regardless of the size of the inoculum, the total amount of virus 
produced by the cultures having the same number of cells is the same. This is 
illustrated in FIGURE 4. Two sets of identical cultures were inoculated with 102 
and 10° TC;o doses of Brunhilde virus. The cultures receiving the large dose 
produced their maximum yield of virus in 24 hours, while 48 hours were re- 
quired for the second set of cultures. Both sets of cultures, however, produced 
the same amount of virus, which failed to increase after the second day. 

Others in this monograph will discuss the one-step growth curve of poliovirus 


* Passage cells may also be prepared without the use of trypsin. A chelating agent, sodium versenate, is used 
for dispersing the cellular monolayer of the primary culture in a Roux bottle. The nutrient fluid is removed and 
the cells are washed once with prewarmed salt solution (per liter: NaCl, 8 gm.; KCl, 0.2 gm.; NasHPOs, 1.15 gm.; 
KH2POs , 0.2 gm.). To the cells are then added 25 ml. of prewarmed 1:5000 versene, made up in the same salt 
solution and sterilized by autoclaving. The culture bottles are incubated at 37° C. for 30 minutes, and then 75 
ml. of lactalbumin growth medium is added to each bottle, to yield a cell concentration of about 200,000 per ml, 


The cells from several bottles are pooled and may be stored for several days in the cold before use. No centrifuga- 
tion Is necessary. 
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in tissue culture cells—even in a single isolated cell—where the plaque technique 
has been applied with great success. I should merely point out here that data 
obtained by Howes and Reissig on the WS type I strain, shown in FIGURE 5, 
indicate that intracellular virus may not leave the cell as soon as it is formed." 
After the adsorption and lag phases, new virus made its appearance. For a 
period of a few hours, however, the amount of new virus associated with 
infected cells was greater than that found free in the extracellular fluid. 

As is well known, poliovirus is now being produced in monkey kidney cultures 
in quantities sufficiently large for the commercial production of a vaccine. It 
is not my purpose, however, to discuss any such large-scale production of virus. 
Papers from Rhodes’ and Salk’s laboratories'®: ” have recently appeared, deal- 
ing with the growth of virus in bulk cultures of suspended tissue fragments or of 
trypsinized cells. For the production of virus in amounts sufficient for most 
university laboratories, cultures in one-liter Roux flasks, or other flat-sided 
bottles of similar size, are recommended. As Miller™ has shown, they are con- 
venient to manage, and, when used for kidney monolayer cultures, the 10’ 
cells that they each contain can be infected and made to release their virus 
into a volume of 30 ml. 

The passage history of a virus strain may influence the extent of its growth in 
different types of cells. It was anticipated by the Organizing Committee of 
the conference on which this monograph is based that the reaction of virus in 
different kinds of cells would be an important area of discussion and furnish 
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important leads for future investigation. As an example, the data in TABLE 2 
show the differences in growth found in New Haven when monkey kidney 
adapted viruses were titrated in kidney and in HeLa cultures. These data 
also show the subsequent increase in susceptibility of HeLa cells that occurred 
after serial passage of the virus in such cells. The HeLa cultures used in 
these experiments were obtained from Microbiological Associates, Inc., Be- 
thesda, Md., a point dealt with by Doctor Scherer elsewhere in this monograph. 
Morphological changes. When poliovirus multiplies in tissue culture, it 
exerts a destructive action on the cells. Indeed, it was this cytopathogenic 
activity of the virus which led Enders ef al. to develop the first rapid method 
for titrating poliovirus. From their experiments with fluorophenylalanine, 
Ackermann eé/ al.!8 hold that, in HeLa cells at least, the cytopathogenic action 
of the virus can occur independently of viral multiplication. This is almost 
the reverse of the situation which we observed when Lansing virus multiplied 
in monkey testicular fibroblasts with little evidence of cytopathogenicity.! 
It should be pointed out that this line of Lansing virus has shown other evi- 
dence of low virulence for nonneural tissues. In contrast to the homotypic 
Y-SK strain, it failed to induce antibody formation in orally infected cynomol- 
gus monkeys.””. The Lansing strain has also been shown to differ from other 
homotypic strains (Y-SK and MEF)) by its greater thermolability. 
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TABLE 2 
ADAPTATION OF MONKEY KIDNEY PASSAGED ViRUS TO HELA CULTURES 


Titer* of TC fluid in: 
Type Strain abel eae 

Hele | (ines, 

I WS 141 0 4.8 6.5 

4 S55 7.0 

II Y-SK 145 0 4.0 6.5 

4 6.0 7.0 

Ill Leon 131 0 S0 8.0 

4 (8) 6.3 


* Negative logarithm of titer per ml. 


Usually, cytopathic changes can be correlated with the extent of virus growth. 
The photomicrographs in FIGURES 6 through 9, taken by Doctor Magdalena 
Reissig under the phase microscope, show the evolution of the lesion. Swelling 
of the cells begins a few hours after virus inoculation, and this swelling is ac- 
companied by marked vacuolization of the cytoplasm and shrinkage of the 
nucleus. There is apparent condensation of basophilic material about the 
inner surface of the nuclear membrane. Doctor Reissig has found that one or 
more eosinophilic inclusion bodies are usually present in the nucleus at this 
stage. Later in the infection, the cells become rounded, acquiring an appear- 
ance which characterizes the cytopathogenic effect of poliovirus in tissue 
cultures, as usually observed. At this stage, large vacuoles are present in the 
cytoplasm. As shown in FIGURE 9, they are readily seen in living cells under 
the phase microscope, as well as in stained preparations. A marked increase in 
the basophilia of the peripheral zone of the cytoplasm is also observed at this 
time. Nucleoli persist until the late stages, when the nuclei become markedly 
pyknotic and eccentric and their internal structure can no longer be dis- 
tinguished. Ultrathin sections of such cells have been prepared by a method 
recently described” and are being studied in.the electron microscope, but the 
results are too preliminary to warrant discussion here. 


Part 3. Assay of Virus 


With the exception of the elegant plaque assay method, which will be dis- 
cussed by Doctor Dulbecco, the method of titrating poliovirus in tissue culture, 
as in animals, consists of arriving at the 50 per cent end point of infectivity. 
This is done by inoculating serial dilutions of the virus in the range where all 
cultures become infected to one where none becomes infected. The end points 
are determined by the method of Reed-Muench or, more simply and with no 
loss in accuracy, by the method of Kaerber. By increasing the number of 
cultures at each dilution, the error of the titration end point is reduced. A 
convenient number which gives reasonably reproducible results is four cultures 
at each half log dilution. As different workers may use different volumes of 
inoculum in their titration series, it would make for uniformity if all expressed 
their results in the same fashion, namely as the titer per ml. of original fluid. 
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Ficure 6. Cells from a monolayer culture of monkey kidn 
This photomicrograph, as well as those in FIGURES CR ES 
Magdalena Reissig. 


Ficure 7. Similar culture after inoculation with type 3 poliovirus, Saukett strain. Early cellular changes 
are seen, The cells have begun to swell and have characteristic threadlike prolongations of their cytoplasm and 
slightly distorted nuclei. The rounded cells are in a more advanced stage of infection. 330. 

Ficure 8. Full-blown infection. The cells are rounded and vacuoles can be seen in their cytoplasm. 


Masses of granular material are present in the central zone of the cytoplasm. The cell in the center of the field 
exhibits a considerably shrunken nucleus. 450. 


FicurE 9. Final stages of the infectious process. Virus in the fluid phase of tissue culture reaches its maxi- 
mum titer when the cells reach this state. The peripheral zone of the cytoplasm contains numerous large, clear 
vacuoles with charply defined edges. The granular material is concentrated in the central zone and masks the 
nucleus. 330. 
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Another variable which occurs from one laboratory to the next is the use of 
animal sera in culture fluids. Many animal sera may inhibit the growth 
of poliovirus, and care must be exercised that such sera are not present in the 
culture when virus is added for assay. 

The methods of assaying infectivity are based on the quantitative measure- 
ment of the destruction of cells by poliovirus, as outlined in the classical paper 
published in 1950 by Robbins, Enders, and Weller.22. In the cytopathogenic 
test, the destruction of cells is followed microscopically. In the pH-differential 
test, use is made of the fact that infected cells fail to maintain their metabolic 
tate. Metabolism is measured by acid production, and a change in color of 
the phenol red indicator from red to yellow occurs in normal cultures, but not in 
infected cultures. Salk, Youngner, and Ward"? have shown that this color 
test can be used with monkey kidney cell suspensions containing a known 
amount of cells to permit a much higher degree of quantitation, and others have 
since adapted the color test for virus assay, using suspensions of HeLa cells. 

The color test" is being used in a number of laboratories where it is proving 
to be a tremendous time saver. Because it is discussed in detail in connection 
with the neutralization test elsewhere in this monograph, I shall mention only 
the slight modifications of the technique now in use in New Haven. 

First; we have been able to carry out the tests without the complex medium 
199. The lactalbumin hydrolysate-calf serum medium has proved a simple 
and satisfactory replacement. 

Second; if second-passage monkey kidney cells are used, as discussed earlier 
in this paper, the concentration of cells per culture tube may be reduced from 
300,000 to 50,000, or even less. 

Third; the disposable plastic panel that McLean* introduced into the 
poliomyelitis laboratory can be employed here to advantage. This panel, 
made of a styrene or vinyl plastic, contains 96 cups in rows of 8 X 12. It is 
clean and ready for use as it comes from the manufacturer. Sterilization is 
easily accomplished by immersion in an alcohol bath and exposure to ultra- 
violet light. The use of plastic panels eliminates the need not only for test 
tubes but also for rubber stoppers, for the panel cups may be sealed in rows 
with coated cellophane tape. Cells settle and grow on the plastic as well as 
they do on glass. After the test is read, the panels are autoclaved and dis- 
carded. If an excessive number of cells has been added to the cups, metabolism 
may proceed to such an extent that the pH falls before virus has multiplied. 
A satisfactory titration reading, however, can readily be obtained with the 
plastic panels if, on the fourth day of incubation, the cellophane sheet over each 
cup is pierced with a sterile hot needle, the CO» allowed to escape so that the 
indicator becomes red once more, the cups resealed with cellophane tape, and 
the panel reincubated for one to two days. The division between yellow cups 
containing viable cells and red cups containing cells killed by virus action 
becomes clearly evident. 

McLean* has found that the virus-containing cultures may be “sealed” 
by a layer of mineral oil, and this finding has been confirmed by Opton.  Be- 


f Linbro Chemical Co., New Haven, Conn. 
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cause COz passes slowly through the oil, phenol red will turn yellow only when 
cellular metabolism is vigorous and the rate of CO, production exceeds that 
of CO, loss. If the cells are in excess, so that they grow faster than the in- 
oculated virus can destroy them, the phenol red will turn yellow. If virus is 
present, however, it multiplies to such a level in a few days that all cells are 
killed. The CO, in the culture is now in negative balance, and more does not 
form to replace that which leaks through the oil. This is indicated by the 
color of the culture, which reverts to red.* 


Part 4. Isolation of Virus 


Methods for the isolation of poliovirus may differ in detail from one labora- 
tory to another, but the same basis underlies them all; namely, after the addi- 
tion of the clinical specimen to the tissue culture, there is liberated into the 
fluid phase an infectious cytopathogenic agent which is identified as poliovirus 
by its reaction with type-specific sera. Although poliovirus is sometimes 
sought in specimens free of bacteria (as in spinal cord or cerebrospinal fluid), 
the usual specimens consist of heavily contaminated stools. The removal or 
inactivation of bacteria is required before such samples can be inoculated into 
tissue cultures. The problem of cleaning up the specimen is not markedly dif- 
ferent from that which we faced when intracerebral inoculation of monkeys 
was the method of choice, and the procedures worked out for monkeys” have 
been applied to preparing specimens for tissue culture inoculation. The pro- 
cedures for virus isolation can be made more sensitive by concentrating the 
virus present by ultracentrifugation, which at the same time frees it from 
offending bacteria and certain other toxic substances. For routine purposes of 
isolation of virus from patients or carriers, it is sufficient to make a 10 to 20 
per cent suspension of stools, centrifuge at 3000 rpm for 60 minutes, and add 
antibiotics (penicillin, 500 units, and streptomycin, 0.5 mg per ml.) to the 
supernatant fluid before inoculation of the cultures. Syverton and Scherer® 
recommend suspending the stools in water containing 20 mg. phenol red per 
liter to avoid specimens with abnormal and cytotoxic hydrogen ion concentra- 
tions. 

Comparative studies have demonstrated that epithelial monolayer cultures 
from monkey kidneys are more sensitive for primary isolation of virus than 
suspended fragments of kidney tissue or of fibroblast cultures from monkey 
testis.*? °° Another advantage of kidney epithelial cells is their greater resis- 
tance to fecal toxins. In addition to our studies, Wenner and Miller*” have re- 
ported a series of experiments in which, for primary isolation of poliovirus, 
monkey kidney epithelial cultures proved superior to testicular cultures and 
also to HeLa cultures with which they were compared. Other papers in this 
monograph refer to the comparative susceptibility of human and monkey cells. 

Studies of materials collected from the same patients and family contacts 
have shown that poliovirus can be isolated at about twice the frequency from 

*Salk reported at the conference on which this monograph is based that tubes may also be sealed with oil 


rather than rubber stoppers. He speculated that the reversion of the culture f 7 
of the formation of an alkaline substance by the virus-infected cells. rom yellow 10. 1ed es ee 
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stools as from rectal swabs. While many individuals yielded positive stools but 
negative swabs, the reverse situation was a rare occurrence. 

I shall not take time here to present the comparative experiments which 
led to the procedure which we now use. Suffice it to say that the highest per- 
centage of virus isolations were obtained with a procedure which, more or less, 
is like that which Enders first recommended: 

Five culture tubes are used for each specimen. The fluid phase is removed 
and replaced with one ml. of the stool extract. Adsorption of the virus is 
allowed to proceed for 90 minutes at 37° C., after which the fecal extract is re- 
moved and replaced with 1 ml. of fresh lactalbumin hydrolysate medium in 
Earle’s solution. The cultures are observed on the 2nd, 4th, 7th and 10th days 
for cytopathic changes induced by the presence of the virus. Fluid is har- 
vested when these changes appear, and it is tested for the presence of poliovirus 
by its reaction with type-specific antisera. 

Typing by immune sera of any cytopathogenic agent which may be isolated 
is essential for its identification. This may be done by neutralization or by 
complement-fixation tests. For complete characterization of an agent, box 
titrations may be necessary, but this is not a practical typing procedure, par- 
ticularly in the neutralization test. A procedure which gives satisfactory 
results is the following: 

A 1:10 dilution of fluid harvested from cultures manifesting cytopathic 
changes provides the virus for typing. Type-specific antisera are used at a 1:5 
dilution. These sera, prepared by hyperimmunization of monkeys, should have 
titers of over 1:1000 against 100 TC; doses of virus. To 0.2 ml. of each serum 
dilution in separate tubes is added an equal quantity of the virus dilution. 
The tubes are shaken, incubated for one hour at room temperature, and 0.1 
ml. of each mixture inoculated into two culture tubes. The cultures are 
incubated at 37° C. in a stationary position until read on the third and sixth 
days. ‘The virus is identified in accordance with the type-specific serum which 
neutralizes its cytopathogenic property. If a virus is not neutralized by any 
of the three antisera, it must be tested further before being placed with the 
orphan viruses.* High titer poliovirus may break through its homologous 
antiserum or, in very rare instances, two poliovirus types may be present in 
the same specimen. Therefore, the virus must be tested in small doses against 
the three prototype sera alone and in combination. If it is still not neutralized, 
then it may be placed tentatively with the orphans (see Part 5 below) until 
identified further. 

Isolation and typing may be accomplished in one step, and this procedure is 
the most rapid for typing viruses in clinical specimens. The stool suspension 
is mixed with equal volumes of 1:10 dilutions of each of the three prototype 
antisera, and after a one-hour incubation period, 0.2 ml. of each mixture is 
then inoculated into each of two or more culture tubes. The virus type is iden- 
tified at the time of its primary isolation, for degeneration is observed is the 
tubes containing the heterotypic sera, but not in the tubes containing the 
homotypic serum. By this technique, virus has at times been isolated and 


typed within 48 hours. 
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Ficure 10. Distribution of C-F titers of three standard monkey immune sera tested against 34 type I strains 
isolated from New England specimens and 7 from Cairo (top half of chart), and against 16 type III strains from 
New England and 3 from Cairo (bottom half). Type I and III strains show a high frequency of cross reactions 
with type II serum proved to be type specific by neutralization tests. Each of the 60 strains tested was found 


to be monovalent in the neutralization test used for typing. The Cairo strains were kindly supplied by Doctor 
Horstmann. 


Polioviruses may also be typed by employing them as antigens, at concen- 
trations of four to eight units, in the complement-fixation reaction against 
standardized prototype antisera2* By using the plate technique, in which 
the amount of complement fixed at each dilution of antigen and serum is meas- 
ured, antigenic variations have been found within types shown to be monotypic 
by the neutralization test2® The degree of C-F crossing varied from strain 
to strain when tested with monkey immune sera shown to be homotypic with 
prototype Brunhilde, Y-SK, and Leon strains. As shown in FIGURE 10, certain 
type I strains failed to react with type II or type III serum, while others ex- 
hibited some crossings with Type II serum, and two with both types II and III 
at the serum dilutions indicated. In similar fashion, type III strains were 
either monotypic or showed crossings with type II serum. 
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Part 5. Orphan Viruses 


Mention has been made of cytopathogenic agents other than poliovirus 
that may be isolated by tissue-culture techniques. Because this is the only 
paper in this monograph dealing specifically with problems of poliovirus isola- 
tion, I shall say a few words about these agents, which have been encountered 
unexpectedly in these procedures. Because we know so little about the 
diseases to which they belong, we have provisionally called them orphan 
viruses?® These agents have been isolated both at home and abroad. In 
this country, they have been isolated chiefly from the stools of patients with 
aseptic meningitis”? or from normal children during the summer and fall.*°: * 
In Egypt, they were isolated in 1951*! and especially in 1952” from a large num- 
ber of young children. 

Hidden among the orphan viruses may be some etiological agents that cause 
known, or poorly defined, clinical diseases. Among them may be the viruses 
of aseptic meningitis, enteritis, hepatitis, and perhaps even type IV poliovirus. 
Certain orphan viruses have been found to belong to the Coxsackie group, by 
serologic identification or when the fluids of infected cultures are tested in 
infant mice and produce typical Coxsackie signs and histopathology. The 
problem is complicated by the fact that one such agent required 11 passages in 
tissue culture before it produced disease in infant mice. The mouse agent 
produced serum which neutralized the tissue culture agent at a passage stage 
when it was without pathogenicity for mice. Similarly, the early tissue 
culture passaged material produced an immune serum in the monkey that 
neutralized the murine agent subsequently derived from the tissue culture virus. 

In any case, as shown in TABLE 3, the orphan viruses fall into at least four 
antigenically distinct types. The prototype strains are not neutralized by 
any of the three poliomyelitis antisera or the 15 Coxsackie immune sera against 
which they have been tested. Complement-fixing antigens are released into 
tissue culture fluids when the orphan viruses are cultivated in monkey-kidney 
epithelium. When tested against monkey-immune sera, the reactions were as 
specific for each type as found in the neutralization tests shown in the table. 

The sizes of the prototype orphan viruses have been measured by ultrafil- 


TABLE 3 
Cross-NEUTRALIZATION TESTS WITH ORPHAN VIRUSES 


Immune-Serum Neutralization Index 


He Control | Orphan | Orphan Orphan | Coxsackie|’ Polio 
Titer* type I type II type III | type A-9 type I 
Orphan type I (Farouk).......... 5.0 | 1000+ 0 0 0 0 
Orphan type II (Cornelis)........ 4.5 3 1000-++ 0 0 0 
Orphan type III (Morrisey)......| 4.8 0 3 1000-++ 0 0 
Orphan type III (Rende)......... Se? 3 0 1000++ 3 0 
Orphan type IV (Weeks)......... 4.5 0 3 0 0 0) 
Coxsackie type A-9.............. 4.5 0 0 0 1000-++ 0 
Poliomyelitis type I (W-S)........ 6.0 0 0 0 0 1000+ 


* Negative logarithm of titer per ml. 
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AVERAGE PORE DIAMETER IN MILLIMICRONS 
Ficure 11. Comparative ultrafiltration data on three orphan viruses (Farouk strain, type 1; Cornelis strain, 
type 2; and Morrisey strain, type 3), a Coxsackie virus (Grigg strain, type A-9), and a poliovirus (W-S strain, 


type 1). All the viruses were grown in monkey tissue culture for these experiments. The filtration end point 
lies between 30 and 38 mu. 


tration through gradacol membranes (FIGURE 11). In addition, Macrae, dur- 
ing his stay in New Haven, compared them’in this set of experiments with a 
type I poliovirus and with a type A-9 Coxsackie virus grown in tissue culture 
under the same conditions. All five viruses behaved alike, yielding values 
of 11 to 17 mu for their diameters. On the basis of comparative data on ultra- 
filtration, sedimentation and electron microscopy of poliomyelitis and of 
Coxsackie viruses,**' the true diameter of types 1, 2, and 3 orphan viruses is 
probably about 30 mu. 

It is noteworthy that the viruses which frequent the human alimentary tract 
—the poliomyelitis, the Coxsackie, and the orphan viruses—have much in 
common: their size, their seasonal occurrence, their resistance to ether, and 


their in vitro cytopathogenicity for primate cells. One wonders whether nature 
is about to yield another secret. At least, the plot thickens! 
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Discussion of the Paper 


Doctor THomas H. WELLER (Harvard School of Public Health, Bostons 
Mass.): Doctor Melnick has presented an admirable review of the status of 
im vitro procedures as applied to certain aspects of poliomyelitis research. 
Particular reference has been made to the use of monkey-kidney tissue as em- 
ployed by the New Haven group. The rapid and continuing evolution of 
techniques is thereby well documented. The successful utilization of tryp- 
sinized kidney suspensions prepared in India, and of the ingenious plastic panel 
introduced by McLean are worthy of particular note. The latter innovation 
would have especial appeal to those of our technical staff engaged in the 
vaccine evaluation program, for each session of “tube-stoppering” produces its 
quota of blistered fingers. 

It has been emphasized that the choice of methods in different laboratories 
has been influenced by the availability of tissues or of other materials. There 
has been a natural tendency for a group of workers to advocate a particular 
technique, along with an implied endorsement suggesting its general applica- 
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bility. This monograph should serve to emphasize the need for methodological 
selection in terms of specific objectives. For example, the simplest of culture 
systems is desirable if the problem at hand entails the mass examination of sera 
for poliomyelitis neutralizing antibodies. Yet, if the objective is the detection 
of minimal quantities of poliomyelitis virus or of “unknown or orphan” viruses, 
a system providing maximum sensitivity is indicated. In this instance, it may 
be necessary to employ concurrently cultures of several types of cells and to 
maintain such cultures under optimum conditions for periods of three weeks or 
longer. Ona priori grounds, certainly, it is not possible to predict the potential 
in vitro cytopathic spectrum of an agent, either on the basis of its origin or the 
manipulations to which it may have been subjected in the laboratory. For 
example, with Peebles, we have isolated a virus from man that destroys fibro. 
blasts of monkey origin in a matter of hours, yet produces similar changes in 
human fibroblasts only after several days. Again, in comparative titrations 
of Doctor Salk’s three vaccine seed viruses (Saukett, Mahoney, MEF1), per- 
formed with Cheatham, we observed that cultures of human-kidney cells, as 
compared to monkey-kidney cells, were more rapid and slightly more sensitive 
indicators of viral activity in each instance. 

Doctor Melnick has reviewed the interesting observation of Rappaport re- 
garding the liberation im vitro of a cytotoxin by actively metabolizing kidney 
cells. I should like to ask if the material has yet been tested for cytotoxic ac 
tivity on cells of other types and those derived from other species In this 
instance, Doctor Melnick has carefully avoided classifying his material. Yet 
this series of observations emphasizes that we know little regarding viruses that 
may be derived from components of the culture system per se. On occasion, 
agents are manifest by their overt cytopathogenicity, as in the instance of those 
first observed in monkey-kidney cultures by Rustigian, or in the case of “B” 
virus. Yet it is reasonable to suspect that other agents occur in a latent and 
commensal state. One obvious explanation for the development of in vitro 
resistance in a cell line would envision the presence of a latent, interfering 
virus. This is only one of a number of important lines of investigation deserv- 
ing of further attention. As Doctor Melnick has stressed, the technology of 
tissue culture as applied to the study of viruses is in a phase of rapid evolution. 


DEMONSTRATION OF NEUTRALIZING ANTIBODIES FOR 
POLIOMYELITIS VIRUSES* 


By J. S. Youngner 
Virus Research Laboratory, School of Medicine, University of Pittsburgh, Pittsburgh, Pa. 


Methods and techniques for the measurement of neutralizing antibodies 
for poliomyelitis viruses have undergone rapid change in the course of the past 
several years. It is the purpose of this report to summarize the present state 
of progress and to bring into relation, so far as is possible, the results obtained 
using various techniques. 

The methods which have been used for estimating concentration of polio- 
myelitis neutralizing antibodies can be considered in two main categories; (1) 
tests performed in animals; and (2) tests utilizing tissue culture techniques. 
Neutralization tests in animals have been done largely in two susceptible 
species, monkeys and mice. The limitations of usefulness of the monkey are 
obvious, and they account in large measure for the relative paucity of quantita- 
tive serologic studies before the advent of tissue culture methods. 

Until recently, the mouse could be infected only with type 2 poliomyelitis 
strains, and a major segment of our previous knowledge concerning poliomye- 
litis antibody was derived from data obtained in rodents using the Lansing 
strain.! More recently, the work of Habel and Li®: * and of Li and Schaeffer, * 
using the intraspinal route of inoculation, has made it possible to employ strains 
representing all three types of poliomyelitis viruses in mice. The pathogenicity 
of type 1 virus when inoculated via the intracerebral route has also been re- 
ported by Stanley, Dorman, and Ponsford® and by Krech.’ Although published 
data on the measurement of antibody for the three virus types in mice are few, 
Li and Schaeffer* have expressed the view that a close correlation exists between 
antibody values for the three virus types measured in mice injected intraspinally 
and in tissue cultures. 

With the advent of tissue culture methods for use in studies with poliomye- 
litis viruses, many techniques for measuring antibody were developed. The 
observations of Enders, Weller, and Robbins’: !° on the propagation of these 
agents in a variety of human embryonic tissues was followed by the use of a 
number of human and monkey tissues for the same purpose. Information on 
the different tissues and cell types employed in such studies has been covered 
extensively in recent reviews by Melnick" and by Enders.” 

The observation by Robbins, Enders, and Weller that poliomyelitis viruses 
produced marked cellular destruction, observable microscopically, which could 
be prevented by the presence of homotypic antiserum, served as the basis for 
the development of neutralization tests using a variety of tissues grown in roller, 
or stationary tube cultures. In general, this type of test is carried out in the 
following manner: 

Culture tubes containing tissue and an appropriate medium are incubated, 
either rolling or stationary, until a good area of healthy outgrowth is obtained. 


* Aided by a grant from the National Foundation for Infantile Paralysis, Inc., New York, N. Y. 
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At the end of this outgrowth phase, which may require from three to seven days, 
depending on the cell type and medium, the cultures are inoculated with 
serum-virus mixtures. A fluid change, prior to the inoculation of cultures, is 
necessary with some tissues in order to replenish nutrient or to eliminate inter- 
fering substances such as human or horse serum. Following inoculation, 
further incubation is carried out, either stationary or rolling, until microscopic 
evidence of cellular degeneration has progressed to a satisfactory stage. This 
postinoculation period of incubation may be from three to seven days, depend- 
ing again upon the tissue employed. In reading neutralization tests micro- 
scopically, it is generally agreed that a tube showing any degree of virus-induced 
degeneration should be scored as not protected. This all-or-none criterion 
eliminates much of the subjective element in grading degeneration microscop- 
ically, and it minimizes variations in scoring by different observers. 

The type of test described, which utilizes microscopic evidence of virus 
activity as the indicator of the presence or absence of neutralizing antibody has 
been applied to a variety of cell types by many different workers." It has 
been found that a high order of consistency and reproducibility of serum titers 
can be achieved by careful standardization of the conditions and reagents 
employed, and by using any particular tissue culture system selected. 

One of the variables that influences the results of virus-neutralization tests in 
tissue culture, as well as in animals, is the quantity of infectious virus used as 
antigen. It is obvious that enough virus must be used to produce a strong, 
consistent, and rather rapid cellular destruction. The use of too little virus 
may cause spottiness of results, and virus doses which are too large may mask 
the presence of antibody. Ledinko, Riordan, and Melnick’® studied the quan- 
titative relationship between the amount of Y-SK virus employed and the titer 
of human and Y-SK hyperimmune monkey sera in a test using monkey testicu- 
lar tissue cultures. ‘These workers reported a straight-line logarithmic relation 
between the serum titer and the quantity of virus used by them. In other 
words, a 10-fold increase or decrease in the amount of virus required a similar 
increase or decrease in the amount of serum necessary for neutralization. 

We have carried out similar studies with antigen-antibody systems represent- 
ing three types of poliomyelitis virus, using roller-tube cultures of monkey kid- 
ney fragments instead of the testicular tissues employed by Ledinko, Riordan, 
and Melnick. Fourfold dilutions of the appropriate hyperimmune monkey 
serum were tested against tissue-culture adapted virus pools diluted in 0.5 log 
steps to provide from 10 to 1,000 50 per cent infectious doses. Serum and 
virus dilutions were made in synthetic mixture 199%." and inoculations were 
carried out as previously described.” Microscopic observations of virus-in- 
duced degeneration were made on the sixth day following inoculation. The 
cumulated data obtained from three different experiments with each virus and 
its homologous antiserum are summarized in FIGURE 1. With each type, a 
straight-line relation was observed between the serum titer and the amount of 
virus employed. With each 10-fold change in the amount of virus, there is 
approximately a 5-fold change in the serum titer. The slopes of the lines 
indicating these relationships reveal the degree of variation in serum antibody 
titer resulting from variations in the amount of virus employed. 
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A recent report by Salk, Youngner, and Ward’® described a tissue culture test 
using the color of phenol red as indicator for poliomyelitis virus and antibody 
activity. The observation of inhibition of acid formation in infected cultures 
of tissue fragments had been noted in earlier studies with Western equine en- 
cephalomyelitis virus reported by Huang,” and with poliomyelitis viruses, by 
Enders, Weller, and Robbins.’ Several attempts to make use of inhibition of 
tissue metabolism as an indicator in roller-tube cultures were unsuccessful for 
reasons which have been described elsewhere.!® The color test for poliomyelitis 
virus and antibody’? utilizes standardized suspensions of monkey kidney tissue 
prepared by an adaptation” of the trypsinization technique of Dulbecco and 
Vogt.” A suitable quantity of trypsin-dispersed monkey kidney cell suspension 
is added to virus or virus-serum mixtures, before incubation. After six or 
seven days of incubation, the color of the phenol red in the medium serves as 
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TABLE 1 


RESULTS OF REPLICATE TITRATIONS FOR TyPE 1 PoLIoMyELITIS ANTIBODY BY 
UsING THE CoLor Terst* 


= 


Dilution of type 1 antiserumt + 100 TCIDso0 of type 1 virust 
Test no. 

1,024 2,048 4,096 8,192 16,000 

1 0/8 0/8 2/8 5/8 8/8 

2 0/8 0/8 2/8 8/8 8/8 

3 0/4 1/4 1/4 3/4 4/4 

4 0/4 0/4 1/4 4/4 4/4 

5 0/4 0/4 1/4 1/4 3/4 

6 0/4 0/4 3/4 3/4 4/4 

7 0/4 1/4 2/4 4/4 4/4 

8 0/4 0/4 1/4 3/4 4/4 

9 0/4 0/4 0/4 1/4 3/4 

10 0/4 0/4 0/4 1/4 4/4 
Cumulative’score.......... 0/48 2/48 13/48 33/48 46/48 


* From Salk, Youngner & Ward.!9 

} Brunhilde No. A-453. 

t Mahoney No. 25. 
the indicator of virus or antibody activity. The presence of active virus results 
in cell death before there is enough growth and metabolism to cause the acid 
shift in the indicator color from red to yellow, which is observed in actively 
growing cultures. Death of the cells, by virus action, leaves the medium red. 
These procedures eliminate the necessity for preparation of cultures in advance, 
as is required for tests employing the microscopic indicator for virus or antibody 
activity in tube cultures. The use of indicator color as the basis for observing 
and recording end points has obvious advantages over microscopic readings of 
individual tubes. 

The data in TABLE 1, taken from the report by Salk, Youngner, and Ward," 
shows the results of a series of tests of type 1 antiserum made on different days, 
using different batches of trypsin-dispersed monkey kidney cells. It can be 
seen that, in 10 tests, the 1:2,048 dilution of serum gave a consistently protec- 
tive effect, while the 1:16,000 dilution rarely protected. The 1:4,096 dilution 
did not protect in 13 of 48 tubes, and the 1:8,192 dilution failed in 33 of 43 tubes. 
Similar data have been obtained with types 2 and 3 antiserum titrations. The 
degree of variation inherent in the method for titrating serum antibody, using 
the color change indicator, is essentially the same as that encountered with 
other in vitro techniques such as complement-fixation and hemagglutination- 
inhibition tests, and has permitted the use of a single tube for each twofold 
dilution of serum when comparing acute and convalescent, prevaccination and 
postvaccination sera, or when carrying out antibody surveys in large popula- 
tions. 

The sealing of tubes in the color test by the insertion of a rubber stopper into 
each Wassermann tube has been replaced by a heavy mineral oil which is lay- 
ered directly on the culture fluid in each tube to achieve the desired exclusion 
of air. Some of the interesting phenomena observed using such anaerobic 


tissue cultures have been described by Salk.” 
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Recent work by Robertson, Brunner, and Syverton®> and by Lipton and 
Steigman2® has shown that the tissue culture color test also can be performed 
using HeLa Cell suspensions. We have found that a mineral-oil seal can be 
used with HeLa cell cultures as well as with trypsin-dispersed monkey kidney 
cells. A somewhat accelerated fall in pH is observed under these anaerobic 
conditions. 

Studies have been made on the keeping qualities of monkey kidney cell sus- 
pensions used in the color test, and these indicate that the half life of the 
metabolic activity of cell suspensions is approximately five days when stored at 
4° C. under the conditions employed FicurE 2 shows the details of a repre- 
sentative survival experiment. A 1:50 dilution of cell suspension, stored at 
4° C. was diluted serially in twofold steps, and the ability of these dilutions to 
produce an acid change in indicator color in seven days was tested. This pro- 
cedure was repeated at daily intervals and, as can be seen from FIGURE 2, the 
metabolic activity of the 1:100 and 1:200 dilutions was maintained for a period 
of five days. The demonstrated stability of metabolic activity of kidney cell 
suspensions on storage suggests several possible practical applications. First, 
it makes feasible the storage and utilization of cell suspensions for color tests 
over a period of at least five days. The preparation of roller-tube cultures 
from cell suspensions stored for three days at 4° C. has been reported previ- 
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TABLE 2 


SumMARY or ANTIBODY TITERS FOR THREE PROTOTYPE HyPERIMMUNE MONKEY 
SERA WHEN TESTED BY DIFFERENT TECHNIQUES 


Kidney 
Testis 
Hyperimmune Virus* Trypsinized cells Fragments frag Mice, 
monkey serum strain eS. JECT, 
plasma 
Under clots 


Color Roller On 


test tubes glass cello- 


phane 


Type 1  Anti-Brunhilde | Mahoney 5, 8507 | 2,040 | 2,100 | 1,740 | 1,460 — 


(A-453) Gos | GS) | G8) | Gey Ge) 
Type 2  AntiLansing | MEF.1 | 1,330 520 | 560) 410] 570] 760 
(A-300) (Sei) QLD | (QP) | GeO) |e) (2.8) 
Type 3 Anti-Leon (C-1108) | Saukett a _ 390 — 340 — 
(2.6) (2.5) 


* Approximately 100 IDso doses of virus for the particular system involved were employed. Viruses were 
used in the form of tissue culture pools. 

+ Reciprocal of serum dilution producing a 50 per cent end point. 

+ Logio of serum dilution producing a 50 per cent end point. 
ously.” More recent information indicates that this period of viability is at 
least one week. Second, for purposes of economy and efficiency, trypsinized 
cell suspensions could be prepared in a central laboratory and, perhaps, even in 
facilities situated close to the source of supply of monkeys, and then shipped 
under refrigeration by air for use in widely separated laboratories. 

TABLE 2 has been prepared to show a comparison of antibody titers obtained 
with several antisera that have been tested by a variety of techniques in tissue 
cultures. The type 2 serum also has been tested in mice. The results show 
certain differences in antibody titers for each antiserum when tested in the 
different tissue culture systems. In all cases, approximately 100 50 per cent 
infectious doses of virus for the particular system involved were employed. 
The finding that antibody titers obtained with the color test are approximately 
three times higher than those found with the cytopathogenic test in the various 
roller-tube systems, and possible explanations for this difference in sensitivity 
have been discussed previously.!? It has been pointed out that, in the color test, 
traces of antibody would be noted by their ability to delay virus activity. This 
would be evidenced by a pH drop before sufficient virus destruction to in- 
hibit metabolic activity completely took place. In the roller-tube system, any 
degree of severity of cellular degeneration would be considered a failure of the 
serum to protect the culture, and traces of antibody noted in the color test 
would not be recorded as such in the microscopic cytopathogenic test. 

An attempt has been made in this paper to bring together information on 
the methods for demonstration of neutralizing antibodies for poliomyelitis 
viruses. Technical procedures have been so simplified that quantitative deter- 
minations of poliomyelitis antibody can be carried out in large numbers with 


relative ease. 
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POLIOMYELITIS COMPLEMENT-FIXING ANTIBODIES AND 
THEIR DEMONSTRATION 


By Francis L_ Black 
Laboratory of Hygiene, Department of National Health and Welfare, Ottawa, Ont., Canada 


A complement-fixation reaction in the poliomyelitis system was demonstrated 
by Casals, Olitsky, and Anslow!:? in 1950 by means of an antigen from a suck- 
ling mouse-adapted strain of type II virus. These workers showed that sera 
from many individuals of the normal population of this country reacted with 
the type II antigen, but that a significantly higher percentage of sera from polio- 
myelitis patients gave the reaction and to a significantly higher titer. This 
was true in spite of the fact that most of the cases studied were type I infections. 
Svedmyr, Enders, and Holloway? found tissue culture supernatant fluid to be 
a more satisfactory source of antigen, and studied the response of patients to 
the three types of virus. 

No special techniques are required to demonstrate the complement-fixation 
reaction. Most workers in the field use the Fulton and Dumbell plate tech- 
nique? because of the convenience of this method and its economy in materials. 
It is possible to use any one type of antigen alone or a combination of the three 
types in testing sera. The latter procedure is useful for screening predomi- 
nantly normal sera. A typical test plate is shown in FIGURE 1. On this plate, 
one serum sample has been run against antigens of the three types at each of 
several levels of complement. A serum control is included as a check for anti- 
complementary factors in the serum. With each series, controls would also 
be run to test each of the other reagents for anticomplementary activity. The 
cells that remain unhemolyzed are agglutinated to form a button in the center 
of the drop. Complement-fixation is determined by the size of the button. 
In this example, there is fixation in the presence of the type I and, to a lesser 
extent, of the type III antigens. The several concentrations of complement 
in each test give checks on the serum titers, allow one to estimate the effect of 
anticomplementary sera, and also give a value for the strength of the reaction 
based on the amount of complement fixed, a value which complements that 
of the limiting dilution titer in describing the characteristics of a serum.® 

Tissue culture fluids from monolayer cultures of HeLa or monkey kidney 
cells yield antigens which give demonstrable fixation at dilutions up to one 
in eight. It is possible to concentrate these antigens by ultrafiltration, per- 
vaporation, or centrifugation to obtain preparations of higher titer. The anti- 
gen is held back by collodion membranes or sedimented by centrifugation. 
The relationship between the C-F activity and infective particles has been 
discussed by the previous speakers. The antigen is stable for several months 
at 5°C. Incubation of virus at 56° C. for 30 minutes will destroy the infec- 
tivity without significantly reducing or broadening the antigenicity. Use of 
heated antigen, instead of fresh, reduces the danger of laboratory infection. 
Formalinization under conditions that destroy the infectivity of the virus may 
also leave the antigenicity intact. 
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Ficure 1. A complement-fixation test plate showing the titration of a serum against the three poliomyelitis 


antigens, and a control, one in each quadrant. One unit of complement was insufficient to lyse a significant pro- 
portion of the cells while two units lysed most of them, except where complement had been fixed. 


Standard monotypic sera may be obtained by the injection of monkeys or 
chimpanzees with a single type of virus. 

The complement-fixing activity of normal human populations varies from 
one population group to another. Where primitive sanitation conditions 
exist, the C-F antibodies are largely confined to children. Of children three 
to four years old, 60 to 70 per cent may have antibodies against one or more 
types, but only a few per cent of the adults in these areas have measurable 
titers. In the United States, on the other hand, the peak frequency of C-F 
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antibodies is not reached until later in childhood, and the number of positive 
reactions remains high in the adult population. 

The complement fixation test is the third of the laboratory tests, useful in 
the identification of poliomyelitis infections, discussed in this monograph. A 
complement-fixation test has certain inherent advantages over both virus 
isolation and neutralization tests. A single test may be carried out in 24 hours, 
less labor is involved than in either of the other two tests, and the test may be 
carried out under less stringent safety precautions, since infectious virus is not 
needed. The reactions that have been found in the poliomyelitis system, 
however, are often complex and, as the test is used at present, less than 50 
per cent of cases show an increasing titer against only one type. More than 
90 per cent of those from whom virus can be isolated possess a high antibody 
titer against one or more types. 

When paired sera from poliomyelitis cases are tested, a number are found 
to possess C-F antibodies against one type only. Some examples of these 
monotypic reactions are given in TABLE 1. During the first week after onset, 
the titers are usually low or negative, and it is thus possible to obtain acute 
phase values that provide a marked contrast to the convalescent. After the 
first week, the titers rise and remain high for several months. Most of these 
cases also give monotypic neutralizing reactions, but some give transitory 
heterotypic neutralizing reactions, and some have heterotypic neutralizing 
antibodies in both acute and convalescent sera. The homotypic neutralizing 
antibodies usually reach a high titer before the complement fixing. In the 
cases the author has studied, where virus has been isolated from individuals 
who gave a monotypic C-F reaction, the virus has always been of the same type 
as the C-F antibody. Hence, in a case such as the third example, where no 
virus was isolated, the increasing monotypic C-F titer is presumptive evidence 
of the nature of the infection. 

Many poliomyelitis patients possess C-F antibodies against two or three 
types of virus (TABLE 2). In these cases, the antibody usually develops rap- 
idly, sometimes being present in high titer on the day of onset (example 4). 
The changes in titer between paired sera may occur in alrnost any combination: 


TABLE 1 
EXAMPLES OF Monoryric C-F RESPONSES IN POLIOMYELITIS PATIENTS 


sees i Neutralizing titer 
Virus isolated ee ad 

I Thiet I a ar 
1 if 4 0 0 0 100-4 0 r 
21 32 0 0 100-4 0 
44 32 0 0 100-++ 10 0 
2 II 6 0) 0) 0 32 100-4 ‘ 
28 0 8 4 0 100-4 : 
49 0 32 0) 0 100-++ 0 
P Neg. 3 0 0 0 100+ 0 0 
3 eg 21 4 0 0 100+ | 0 0 
50 16 0 0 100-+ rt) 0 
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TABLE 2 
ExaMpLes oF HeTERotTypic C-F RESPONSES IN POLIOMYELITIS PATIENTS 


= 


C-F titer Neutralizing titer 
Virus isolated | Days after onset 
I iil Ill I II Ill 
1 I 7 0 0 16 160+ 20 0 
49 32 0) 4 160+ 40 0 
70 32 0 0 160+ 160+ 0 
2 I 7 + 0 == 
15 32 0 32 
3 Ill 4 32 0 32 
130 8 0 32 
4 II 1 16 8 8 100+ 100+ 0 
24 8 8 4 100+ 100+ 0 


the homotypic titer may rise as the heterotypic falls (example 1); the titer 
against more than one type may rise simultaneously (example 2); or one or 
another type may be approximately the same in acute and convalescent speci- 
mens (examples 3 and 4). Frequently, the type of the antibody showing the 
greatest increase in titer agrees with the type of virus isolated from the stool, 
but there are exceptions, and little reliance can be put on such a result for 
identification of the type of the infecting virus. Most individuals who show 
heterotypic C-F responses possess neutralizing antibodies of more than one 
type, but not necessarily of the same types as their C-F antibodies. C-F 
antibodies may occur when no neutralizing antibodies of that type are demon- 
strable. The work that has been done on these heterotypic responses to the 
present time does not allow a definition of what part infections with pathogens 
other than poliomyelitis may play in their development. If it should prove 
that few other infections give rise to a poliomyelitis C-F response, the useful- 
ness of the C-F test would be greatly enhanced, as any high titer might be 
taken as an indication of recent contact with poliomyelitis or a small group of 
other agents. In order to use the test in this manner, one would first need to 
eliminate, from the antigen, impurities of monkey origin that might give a 
false reaction with some sera. 

There is a third, smaller group of cases in which the C-F antibodies never 
reach a detectable level, although poliomyelitis virus may be isolated. The 
number falling into this group depends on the sensitivity of the test. It may 
be that many of these negative results are actually due to a masking of com- 
plement fixation by other reactions, and not to a lack of antibody production. 

The fraction of a group of individuals giving monotypic or polytypic reac- 
tions depends, among other things, on the ratio of the reagents used in the test 
system. Reduction of the antigen concentration to two units reduces the 
heterotypic reactions but, at the same time, eliminates some of the weak mono- 
typic reactions and thus increases slightly the number in which no antibody is 
detected. 

Different population groups give different proportions of monotypic reac- 
tions. On one group of 40 persons, from whom virus was isolated, 80 per cent 
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Ficure 2. Age distribution of C-F reactions in poliomyelitis patients. 


gave monotypic increases in C-F antibodies.’ In another group, from a center 
less than 150 miles away from the first, only 38 per cent gave monotypic reac- 
tions when tested by the same technique. 

Young children give a higher percentage of monotypic reactions than do the 
older age groups. The reactions of a number of individuals are broken down 
into the respective age groups in FIGURE 2. The proportions in each reaction 
category in this figurehold only for this particular group of 57 persons as tested 
by one method, and cannot be considered necessarily representative of the pop- 
ulation at large. In this group, it will be seen that the monotypic reactions 
are largely confined to those individuals under eight years of age. The propor- 
tion with antibodies against all types increases with each successive age group. 

The predominance of polytypic reactions in the older age groups and in in- 
dividuals with more than one type of neutralizing antibody suggests that the 
broad C-F response may be largely an anamnestic recall of heterotypic anti- 
bodies. There is another piece of evidence that supports this hypothesis. 
A group of 30 persons who received a single injection of formalin inactivated 
type I virus were tested for neutralizing and for C-F antibodies before and 
after inoculation. No C-F antibodies were found in this particular group 
prior to injection. The C-F response was confined almost entirely to those 
persons and those types where there was pre-existing neutralizing antibody. 
A breakdown of this group is given in FIGURE 3 into those with positive or 
negative prevaccinal neutralization reactions and within these categories 


according to C-F response? ys 
There is still much to be learned about the optimum conditions for carrying 


out the test, about the relative importance of past experience and strain and 
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Ficure 3. Pre-existing neutralizing antibodies and C-F response to formalinized type 1 virus. 


individual differences in determining the nature of the response, about the role 
of nonpoliomyelitic viruses in stimulating an increase in poliomyelitis C-F 
titer, and about the antigenic composition of infectious and inactivated virus 
preparations. As it stands at present, the C-F reaction allows identification 
of a significant proportion of poliomyelitis infections, but less than either the 
virus isolation or neutralization tests. Because of its other advantages, it is 
of practical use, particularly when dealing with young children, both as an in- 
dependent test and as confirmation of other tests. 
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Discussion of the Paper 


Doctor MANFRED M. Mayer (School of Hygiene and Public Health of the 
Johns Hopkins University, Baltimore, Md.): From the papers that have.just 
been presented, it is clear that rapid advances have been made in the develop- 
ment of techniques for studying the serology of poliomyelitis. It is my pur- 
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pose to discuss briefly the interpretations, some of the limitations, and certain 
technical aspects of these tests. 

First, it should be recognized that the technics for neutralization and com- 
plement-fixation tests, as commonly used, and with the exception of the studies 
presented by Doctor Dulbecco, are still rather crude and require continual 
refinement. There is need for studying in detail the many factors which in- 
fluence the outcome of these tests. For example, in the neutralization test, the 
concentrations of cells and virus constitute important factors which must be 
carefully controlled. The question of noninfective but antigenically active 
virus requires investigation. In the complement-fixation reaction, the con- 
centrations of red cells and of complement, as well as that of antigen, play an 
important role. There is need for further studies on the effect of temperature 
of incubation, the concentration of Catt and, perhaps most important of all, 
the choice of the strain of virus from which the antigen is prepared. In ad- 
dition, there are indications that the “so-called” indirect complement-fixation 
test may prove to be of considerable value. Altogether, it seems to me that 
we know far too little as yet about the complement-fixation reaction in polio, 
and its use on a practical level is premature. 

The impression may have been created by opinions expressed by some of the 
contributors to this monograph that the complement-fixation reaction presents 
technical advantages and may therefore be preferred to the neutralization test, 
at least under certain circumstances. I think this is a misleading viewpoint, 
since we have found, in confirmation of the findings of other workers, that the 
results of complement-fixation tests and of neutralization tests are not nec- 
essarily interchangeable, and not always comparable. As in a number of 
other virus infections, it would seem that the polio antibodies detected by neu- 
tralization are not necessarily the same as those observed in complement-fixa- 
tion. 

For example, in a number of polio cases under study in our laboratory, we 
have observed an increase in complement-fixing antibody for a type of polio 
virus other than that causing the infection. Furthermore, changes in comple- 
ment-fixation titer frequently do not run parallel to those in neutralization 
tests. The source of discrepancies of this nature has been somewhat of a puzzle 
to investigators in this field and deserves discussion. The difficulty of interpre- 
tation arises from the unitarian hypothesis, 7.e., the concept that one antibody 
can elicit a variety of immunological reactions, including precipitation, neu- 
tralization, complement fixation, agglutination, anaphylaxis, and others, de- 
pending on the choice of experimental conditions and the choice of the form of 
the antigen. This idea has become well established on a sound experimental 
basis, and therefore one must ask why it should fail to apply to many viral 
antigens in general, and in poliomyelitis in particular. 

T should like to advance two reasons for this. First, it has been shown that 
the complement-fixing efficiency of antibody; i.e., the capacity of a given weight 
of antibody to fix complement, can vary, depending on the manner and in- 
tensity of the antigenic stimulus. I think this effect might account, at least 
in part, for the observation common to many virus systems that complement- 
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fixing antibodies disappear from the circulation more rapidly after infection 
than neutralizing antibody. 

This interpretation, however, fails to account for the observation relating to 
discrepancies of specificity between complement-fixation and neutralization. 
In order to approach this problem I should like to propose consideration of a 
second factor. It has been shown recently by Dulbecco that the neutraliza- 
tion of polio virus by antibody is a one-hit reaction; 7.¢., a virus particle can be 
inhibited by combination with a single molecule of antibody. From geometric 
considerations and by analogy with numerous other antigen-antibody systems, 
it can be estimated that one particle of virus can combine with perhaps 50, 
100, or even 200 molecules of antibody. It is difficult to see how a single mole- 
cule can block the infectiveness of the virus unless the assumption is made that 
this inhibiting molecule of antibody enters into combination with a key-site 
or a specific active group on the virus particle which is intimately concerned 
with and is essential for its capacity to infect a susceptible cell. If the ad- 
ditional, rather likely assumption is made that the surface of the virus particle 
possesses a variety of antigenic determinant groups, one is led to the probable 
supposition that the key-site for infection may possess a distinct antigenic 
pattern and that, therefore, the neutralizing antibody comprises those anti- 
body molecules in a serum which are capable of combining with this antigenic 
pattern. This would mean that, in a neutralization test, the detection of 
antibody does not involve all of the antibody molecules corresponding to the 
various determinant groups of the virus particle, but only those which can react 
specifically with the key site or sites. In other words, in a neutralization test 
we are presumably detecting a special kind of antibody. By contrast, it ap- 
pears likely that in complement-fixation reactions all of the antibody or, at 
least, most of it, can function; 7.e., it is reasonable to suppose that if the virus 
particle is a mosaic or complex pattern of different antigens or antigenic de- 
terminant groups, all of these and their corresponding antibodies are involved 
in the complement-fixation reaction. 

This line of reasoning receives support from observations in the neutraliza- 
tion of bacteriophage by antibody. Its implications with respect to polio 
become quite clear if it is recalled that the establishment of the three recognized 
types of virus; 7.e., type I, type II and type III, is based on inhibition of in- 
fectivity. This means that the differentiation of these three types rests on the 
postulated key-site antigen(s). It seems quite likely that type I and type II 
viruses, which differ markedly in the specificity of the key-site antigen(s), 
may have in common many of the antigenic determinant features associated 
with other parts of the surface of the virus particle. Therefore, in a comple- 
ment-fixation reaction in which all, orat least most, of the determinant groups 
and their corresponding antibodies participate, it is quite possible that ex- 
tensive cross reaction among the types would be encountered. It is possible 
that other factors play a role but, for the purpose of this limited discussion, I 
should like to confine my remarks to the two factors cited. 

Recent complement-fixation experiments performed in this laboratory with 
highly purified type 2 and type 3 poliomyelitis viruses and human poliomyelitis 
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sera* have yielded results that are directly comparable in terms of specificity 
with those obtained by neutralization tests, except for much lower titers in the 
complement-fixation reactions. These findings suggest that the lack of clear- 
cut type-specificity in our earlier complement-fixation studies, in which crude 
concentrates of tissue culture virus were used, can be attributed to interfering 
nonspecific reactions caused by antigens derived from the monkey kidney cells 
used for propagation of the virus. 


* Purified virus kindly supplied by Doctor Carlt on E. Schwerdt. 


BIOLOGICAL PROPERTIES OF POLIOMYELITIS VIRUSES AS 
STUDIED BY THE PLAQUE TECHNIQUE* 


By R. Dulbecco and Marguerite Vogt 
Kerckhoff Laboratories of Biology, California Institute of Technology, Pasadena, Calif. 


The plaque technique for animal viruses was developed for the purpose of 
providing a method suitable for a quantitative analysis of the interrelations 
between animal viruses and their host cells. So far, this method has been 
applied to a number of problems in the field of poliomyelitis viruses, such as 
the intracellular growth of poliomyelitis virus, its release from infected cells, 
its genetic properties, and its inactivation by antibody. In the present com- 
munication, we shall discuss some results obtained in the study of the growth 
and genetic properties of poliomyelitis virus. 

Before describing the experimental results, let us discuss a point of theoretical 
importance, namely the characterization of the virus particle. 

We detect a virus particle by its effect on a monocell layer, namely that of 
giving rise to a localized necrosis of the cell layer, a so-called plaque. Each 
plaque contains a viral population stemming from a single virus particle. This 
is proved by the following two findings. According to the first finding, the 
number of plaques produced by a virus sample is proportional to the amount 
of the sample deposited on the cell layer in dilution experiments (R. Dulbecco 
and M. Vogt, 1954a). This result proves that either a single virus particle 
or a clump of particles, indivisible upon dilution, is sufficient to produce a 
plaque. The second finding is the linearity of the virus inactivation curves 
obtained by ultraviolet light (FIGURE 1). In these curves, the survival of the 
plaque-forming ability of the virus is measured as a function of the dose of 
ultraviolet light to which the virus was exposed. If the virus particles were 
aggregated in clumps, the plaque-forming ability of the clump would be de- 
stroyed only after destroying the plaque-forming ability of all the individual 
particles present in the clump. It can be demonstrated, and is intuitively 
obvious that, under these circumstances, the resulting inactivation curves 
would have a lag at low doses. Such a lag is not found experimentally. 

The results just mentioned clearly define the concept of the plaque-forming 
particle as a physical and biological unit. Since the plaque-forming titer of a 
virus preparation is of the same order of magnitude as the infectious titer de- 
termined by other methods, the plaque-forming particle can be identified with 
the infectious particle. Furthermore, since the operational definition of a 
virus particle rests on its infectivity, this infectious particle is the virus particle. 

It has now to be discussed whether the counting of plaques gives us an ac- 
curate estimate of all the virus particles present in a given preparation. This 
discussion is the more required since purified preparations of poliomyelitis 
virus have been shown by electron microscopy (C. E. Schwerdt et al., 1955) 
to contain 100 to 1000 times more particles than the corresponding estimate 
from plaque counts. We shall discuss the problem for a system constituted by 


* This work was aided by a grant from the National Foundation for Infantile Paralysis, Inc., New York, N. Y. 
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Ficure 1. Ultraviolet inactivation curve of poliomyelitis virus type 1, Brunhilde strain. Two milliliters of 
a virus suspension, diluted 1:200 in an ultraviolet-transparent medium, were irradiated in a 10 cm. watch glass. 
0.1 ml. samples were withdrawn at regular intervals. The source for the UV light was a “germicidal” lamp. 


type 1 Brunhilde virus and monkey kidney cells in the usual monolayer condi- 
tions. 

A first possibility to be considered is that all particles in these purified virus 
preparations are infectious but remain mostly undetected, due to a low prob- 
ability of becoming attached onto the cell layer. This possibility may be 
excluded on the following grounds during the 30 minutes of contact between 
the virus and the cel! layer, approximately one third of the infectious particles 
become attached to the cell layer, since they disappear from the virus prep- 
aration and appear as plaques. If, on the other hand, only one out of a thou- 
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sand particles became attached, no disappearance of plaque forming particles 
from the virus preparation would be detected. Disregarding the fact that 
further virus particles may still become attached later when the agar overlay 
has been added, an underestimate of the inectious particles present in the 
sample due to incomplete adsorption will not surpass a factor of three. 

A second possibility accounting for the excess particles in the purified prep- 
arations would be that most of the adsorbed particles become attached to non- 
susceptible cells. This possibility can also be excluded. Experiments with 
infected cell suspensions obtained from monolayer cultures show that at least 
half of the cells of a layer can be infected independently and are able to release 
progeny virus. Thus, the number of plaques is not limited by the number of 
susceptible cells as, for instance, in plant virus assays. Considering both pos- 
sibilities together, the number of undetected plaque-forming particles in a 
given virus sample can at most be six times the number of plaques actually ob- 
served. 

A third possibility to be considered is that the nonplaque-forming particles 
seen in the electron microscope are infectious, that is, able to multiply, but with- 
out producing cytopathogenic changes of the cells. This is unlikely for the 
two following reasons. 

The first reason is that these particles would also lack the ability of interfering 
with the growth of infectious particles added later, as may be deduced from the 
following experiment. If a cell layer is infected with a dose of cytopathogenic 
virus able to infect 10 per cent of the cells, all the cells of the layer should be 
infected by the hypothetical noncytopathogenic virus particles. Neverthe- 
less, it can be observed that the cells that were not infected by particles of the 
cytopathogenic virus at the beginning of the experiment are infected later by 
cytopathogenic virus particles released in the first cycle of infection. These 
cells show the same cytopathogenic changes as the cells infected first and re- 
lease cytopathogenic virus, as indicated by the final titer reached. 

The second reason that makes it unlikely that the particles in question are 
virus particles is the fact that cells infected with poliomyelitis virus would 
yield from 10° to 10° virus particles, a number surpassing by far the number of 
10** virus particles characteristic of the yields of cells infected by all other 
known cytopathogenic viruses. 

It seems likely, therefore, that the nonplaque-forming particles lack the main 
biological characteristics of virus particles. The relation between the physical — 
particles and the infectious virus particles is still an open problem of highest 
interest. 

We wish to comment briefly on some chemical properties of the virus par- 
ticle. The chemical analysis of the purified preparation (C. E. Schwerdt et al., 
1955) shows that it contains abundant ribose nucleic acid (RNA) and no de- 
soxyribose nucleic acid (DNA). This would support the important conclusion 
that poliomyelitis viruses are RNA viruses. Since, however, most of the par- 
ticles in the purified preparations appear to be noninfectious and of unknown 
relationship to the infectious virus particles, as already discussed, the results 
of the cltemical analysis may not reflect the true composition of the infectious 
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virus particles. It was thought, therefore, that some information on this point 
could be obtained indirectly by studying the effect on the virus infectivity of 
substances able to act selectively upon RNA or DNA. 

On the one hand, the action of RNAase and DNAase was tested. Both en- 
zymes were found to have no effect on the infectivity of Brunhilde virus at 
37° C. The action of RNAase and DNAase was also studied at a temperature 
of 43° C. under the assumption that a reversible denaturation of the virus pro- 
tein at this temperature might render the virus nucleic acid accessible to the 
enzymes. Under these same conditions, however, no significant virus inactiva- 
tion was obtained. 

On the other hand, the action of N-mustard gas on Brunhilde virus was 
determined. It is known that DNA viruses (such as phages) and the DNA- 
containing transforming principles are heavily damaged by nitrogen mustard 
whereas RNA viruses (such as tabac mosaic virus) are very little affected (R. 
M. Herriott, 1948). It was found that Brunhilde virus is surprisingly resistant 
to nitrogen mustard, much more so than viruses previously found to be very 
resistant, such as Western equine encephalomyelitis virus (cf. FIGURE 2). 
Although the meaning of this result is not yet fully understood, it may support 
the notion that DNA is no essential component of poliomyelitis virus. 

We now turn to the study of the growth properties of the poliomyelitis viruses. 
One-step growth curves of the three types of poliomyelitis virus have been 
determined on suspensions of isolated monkey kidney cells. The conditions of 
a one-step growth experiment have been previously described (R. Dulbecco 
and M. Vogt, 1954b); they insure that no progeny virus is lost due to read- 
sorption of released virus to the cells. The medium was a mixture of monkey 
serum, chicken embryo extract, and Earle’s saline. 

The growth curves of the three types shown in FIGURE 3 are very similar 
except for minor differences in the lengths of the latent period. 

Growth curves of type 1 virus were also determined for suspensions of 
human carcinoma cells, strain HeLa (W. F. Scherer ef a/., 1953), ina synthetic 
medium supplemented with monkey serum. The latent period was somewhat 
longer than on monkey kidney cells, the rate of release slower. The over-all 
yield was similar in both cases. 

The study of the release of virus from individual cells in microdrops was 
carried out in collaboration with Doctors A. and M. Lwoff. The results of this 
study will be the object of a separate communication (A. Lwoff ef al., 1955). 

A first attempt was made to study the intracellular growth of poliomyelitis 
virus by following its resistance to UV irradiation during various phases of 
intracellular virus growth, a technique previously used in bacteriophage work 
(S. E. Luria and R. Latarjet, 1947; S. Benzer, 1952). So far, the sensitivity 
of the virus to UV irradiation was determined immediately after its adsorption 
to monkey kidney cells (time 0) and after one hour of intracellular virus growth. 
To obtain the UV-sensitivity of the virus at time 0, the virus was adsorbed to 
the cells in the presence of cyanide. To reduce the screening effect of the cells, 
the virus infection and irradiation were done on monolayer cultures in which 
the cells are well spread and therefore very thin. Under these conditions, the 
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Ficure 2. Inactivation curve of poliomyelitis virus type 1, Brunhilde strain, by nitrogen mustard. N-mus- 
tard, the compound known as Mustargen [methyl-bis (8-chloroethyl) amine hydrochloride], supplied by Merck 
and Company, Inc., Rahway, N. J., was diluted in cold saline and utilized within a few minutes. Immediately 
before use, the pH was adjusted to 7.4 by addition of a 2.8 per cent NaHCO; solution. The virus was treated at 
37°C. Curve P1 was obtained with poliomyelitis virus at two different dilutions, undiluted and 50-fold diluted. 


The other points were obtained with the following viruses: VS = Vesicular stomatitis virus; NDV = Newcastle 
disease virus; WEE = Western equine encephalomyelitis virus. 


screening by the cells was found to be negligible, since not more than 15 per 
cent of the incident light was found to be absorbed by monolayer cultures. 
After the irradiation, the infected cells were brought into suspension by expo- 
sure to a sodium versenate solution (which yields a cell suspension containing 
practically only single cells). The number of cells capable of releasing virus 
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was determined by the plaque technique. The numbers observed were cor- 
rected for the loss of the ability of the cells to support virus growth at the 
corresponding UV doses. The necessary correcting factor was obtained from 
an independent determination of the survival curve of the ability of the cells 
to support virus growth if irradiated before infection. 

As seen from FIGURE 4, the results of these experiments showed a very 
marked increase of the UV resistance of the virus immediately after adsorption 
followed by a further, although less pronounced, increase, during the first hour 
of intracellular virus growth. These changes in the UV resistance show that 
the virus is deeply modified in its physical properties immediately after ad- 
sorption. The virus particle may be broken down and only a fraction of it may 
proceed to further intracellular growth, the structure of the virus particle may 
have changed greatly, or virus components may have interacted with cell 
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FIGURE 3. One step growth curves of poliomyelitis virus 
type 3 (strain Leon) on suspensions of monkey kidney cells. 
10 per cent monkey serum. The virus type used is indicated 
measure the number of aneacted oe oe Se ee a ee ve 

or free virus particles) per 10 ml. of the cell suspension. +) r 
Pee lie intented alee which were infected in saline—into the nutrient medium. 
mately 40 minutes after the mixing of the cells with the virus. 


type 1 (strain Brunhilde), type 2 (strain YSK), and 
The curves were obtained in a medium containing 
on each curve. The three points on the ordinate 
titers are given as number of infective centers (in- 


Time 0 corresponds to the moment of dilu- 
It corresponds to approxi- 
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Ficure 4. Ultraviolet inactivation curves of the virus-cell complex. Virus: poliomyelitis virus type 1 
(Brunhilde strain). Cells: Monkey kidney cells. Curve ‘‘virus’’: inactivation curve of free virus, from FIGURE 
1. Curves “‘complex’’ (dotted and dashed): Uncorrected inactivation curves of the virus cell complex at time 0 
and 45 minutes, respectively. Curve “‘cells’’: Ability of the cells to support virus growth after irradiation. 
Double-liaed curves (t = 0; t = 45): corrected inactivation curves of the virus-cell complexes at time 0 and 45 
minutes, respectively. 


components. Forthcoming X-ray studies will cast additional light on this 
problem. 

We now turn to another object of our study, that of the genetic properties 
of poliomyelitis viruses. Since plaques originate from single virus particles, 
they provide a proper source for the genetic purification of virus strains (R. 
Dulbecco and M. Vogt, 1954a). Of course, we cannot state that the virus 
population present in a plaque is genetically uniform, since new mutations may 
have occurred, or hypothetical multiple genetic factors have segregated during 
the development of the plaque. 

It appears a priori possible that variant virus strains may be identified by 
and isolated from plaques of special appearance. Such special plaques do not 
occur in virus stocks at such a frequency that they can be isolated by inspecting 
a limited number of plaques. Selective procedures, therefore, must be em- 
ployed. The method of rapid serial passages of large virus populations on cells 
of a certain type, a method previously used by other authors, has been adopted 
by us as a selective method. 
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An 18th tissue-culture passage stock of type 1 virus, Brunhilde strain, was 
passed through serial rapid passages on monolayer cynomolgus kidney cells. 
At the 15th passage, a plating of the virus revealed several plaques of different 
type, characterized by their larger size and their sharper rim. One of these 
plaques was picked up and gave rise to a virus line which, after further purifi- 
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Tieree virus pees pleted ch parallel monolayer cultures of monkey kidney cells and incubated for four days 
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cation by several successive plaque passages at limiting dilutions, maintained 
the new plaque type as shown in FIGURE 5. The new virus line has been desig- 
nated as7 (rapid). Preliminary tests by intracerebral inoculation into monkeys 
showed a reduced pathogenicity of the new virus line for cynomolgus monkeys. 
A more detailed analysis of the pathogenicity of the 7 virus will be carried out 
in other laboratories. 

Some of the biological characteristics of the new virus line have been de- 
termined. The differentiation of the r plaque type from that of the wild type 
virus depends on the medium under which plaque development occurs. The 
differentiation is clear-cut in an agar-overlay containing embryo extract, that 
is, a medium which is suboptimal for the plaque development of type 1 virus, 
and still more unfavorable for the plaque development of type 2 and type 3 
virus. In an agar-overlay containing monkey serum, on the other hand, which 
is the optimal medium for the formation of large, well outlined and early ap- 
pearing plaques by all three poliomyelitis types, r and wild type plaques of type 
1 virus are indistinguishable. It might be of interest to mention, in this con- 
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Ficure 7. One step growth curves of the mutant strain 7 and of the wild type (wt) virus in suspensions of 
HeLa cells. The cells were suspended in a medium containing 10 per cent monkey serum. Curve “M.K.”: 
growth curve obtained on monkey kidney cells (from FIGURE 6). 
© mutant strain 7 
A wild type strain wt é 
The two Soltits on the ordinate measure the number of infected cells of the two curves 
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nection, that the rapid passages leading to the isolation of the r mutant were 
made in a medium containing only embryo extract and no monkey serum. 

To get some information on the conditions which may have led to the selection 
of the r mutant during the rapid serial passages on monolayer kidney cultures 
the growth characteristics of the v-mutant were determined and compared with 
those of the wild type. As seen in FIGURE 6, no significant difference in the 
length of the latent period nor in the slope of the exponential rise period be- 
tween the mutant and the wild type were found. This holds both for the 
growth curves obtained in a medium containing monkey serum or a medium 
containing embryo extract only. The unfavorable effect of the absence of 
monkey serum was equally effective on the growth curves of the r mutant as 
on that of the wild type and expressed itself in a longer latent period and a 
slower rise during the exponential rise period. Whereas the characteristics of 
the growth curves account for the different plaque development of either virus 
line in the two different media, they fail to explain the difference between r 
and wild type plaques in embryo extract medium. 

A selective factor, responsible for the enrichment of the r-mutant during the 
serial passages, therefore, could not be demonstrated. This failure may be 
interpreted in two different ways: 

(1) It is conceivable that the enrichment was brought about by selective 
factors other than the rate or extent of growth, or that the over-all selective 
advantage of the variant type over the wild type at each generation was very 
small, but may have produced a considerable enrichment over repeated pas- 
sages, each involving several virus generations. 

(2) The variant may have been isolated not be selection pressure, but by 
mutation pressure. It will be necessary to await the results of many additional 
experiments in order to distinguish between these interpretations and to define 
the role of the host cells in the process by which the variant strain was obtained, 
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KINETICS OF THE RELEASE OF POLIOMYELITIS VIRUS FROM 
SINGLE CELLS* 


By A. Lwoff, R. Dulbecco, M. Vogt, and M. Lwoff 
Kerckhoff Laboratories of Biology, California Institute of Technology, Pasadena, Calif. 


The experiments described in this report were initiated with the ultimate goal 
of studying the problem of the interrelation of viruses and cells at the level of 
individual cells. The technique used was that of DeFonbrune, which has been 
already applied to the study of the release of virus from lysogenic bacteria (A. 
Lwoff and A. Gutmann, 1950). In this technique, the cell to be studied is con- 
tained in a small drop of nutrient medium immersed in paraffin oil, which is 
permeable to gases. 

The following experimental procedure was employed. A suspension of 
monkey kidney cells was prepared by dispersing the cells of a monolayer culture 
with trypsin or versenate. The cell suspension was then infected with polio- 
myelitis virus, type 1 (Brunhilde strain). After an adsorption time of 30 
minutes, the remaining free virus was eliminated by centrifugation. The 
infected cells were then suspended in a culture medium containing 10 per cent 
monkey serum and 20 per cent chicken embryo extract, at a final concentration 
of 10° cells per ml. This time was taken as time 0. Individual infected cells 
were isolated in microdrops in the following way. A clean coverslip was placed 
in a leucite box on the stage of a dissecting microscope and covered with paraffin 
oil. The leucite box was flushed with a mixture of air and 5 per cent CO:. 
The microscope was contained in a thermostatic box maintained at 37° C. A 
capillary pipette containing the cell suspension was introduced through a lateral 
opening of the leucite box. Under microscopic observation, a number of 
microdrops corresponding to a volume of about 4 X 107° ml. of the cell suspen- 
sion were deposited on the coverslip under the paraffin oil. The drops adhered 
to the glass displacing the oil. Care was taken that each microdrop contained 
only one cell. 

The infected cells attached to the glass, and a proportion of the cells spread 
within one to three hours. Two different procedures were used to study the 
release of the virus. In the first procedure, the coverslip was left permanently 
in the leucite chamber. Samples were withdrawn at regular time intervals from 
the microdrops in the following way. A large fraction of the liquid of the drop 
was sucked into a capillary pipette and substituted by fresh medium, and the 
operation was repeated a second time. This procedure allowed recovery of 
95 to 99 per cent of the fluid of the original drop. The two samples were 
pooled into 0.2 ml. of Earle’s saline containing 20 per cent embryo extract and 
frozen. The number of virus particles contained in the various samples was 
determined by the plaque technique. 

The second procedure for studying the release of the virus involved an addi- 
tional step. The coverslip carrying the microdrops was removed from the 


* This work was aided in part by a grant fromthe National Foundation for Infantile Paralysis, Inc., New York, 
N. Y., and in part by a grant from Abbott Laboratories, Teterboro, N. J. 


801 


802 Annals New York Academy of Sciences 


leucite chamber and inverted over a DeFonbrune micromanipulator chamber 
which was then filled with oil. The chamber was placed on the stage of a 
phase-contrast microscope contained in a thermostatic box which also con 
tained a DeFonbrune micromanipulator. The box was maintained at 37 C. 
and flushed continuously with a mixture of air and 5 per cent CO2. In this 
second series of experiments, the virus released by the isolated cells was again 
determined by withdrawing samples from the microdrops at various time 
intervals. The operation, however, was carried out by using a micropipette 
operated with the help of the micromanipulator. In addition, the morpho- 
logical changes of the cell were followed and recorded photographically. 

The results of both series of experiments are shown in TABLE 1 and FIGURES 
1 to 4. 

TABLE 1 brings the virus release from two cells which was followed at regular 
intervals of half an hour. As may be seen from the table, cell 1 released the 
majority of the virus particles between six and six and one-half hours after the 


TABLE 1 


Virus RELEASED FROM Two IsoLATED MONKEY KIDNEY CELLS INFECTED WITH 
PoLIoMYELITIS Virus, TypE 1 (BRUNHILDE STRAIN) 


Number of plaque-forming particles released at various times after infection 


Number of cell Hours 
4 416 5 514 6 614 7 8 9 
1 ahs 0.) Ouch peal Meaesn 4 0 (eer 
2 Oo ome 0 0 | >8s9 | 21 6 


adsorption of the virus, cells 2 between seven and seven and one-half hours 
after adsorption (since the two samples taken at nine hours contained also 
the cell, the virus particles found in these samples may have been associated 
with the cell and been released when the latter was disrupted by freezing). 
The results show, thus, that the bulk of the virus was released by the cells 
within one hour. 

FiGuRE 1 shows diagrammatically the shape of the virus growth curves ob- 
tained for four different cells. All growth curves are characterized by a steep 
slope which is shown similarly by poliomyelitis virus grown in mass cultures 
(R. Dulbecco and M. Vogt, 1955). The virus yield from each cell is comparable 
to the average virus yield obtained from infected cell suspensions. A certain 
degree of variability was found with respect to the latent period of the different 
cells. To assess the full range of this individual variability, however, many 
more experiments will have to be done. The latent period shown by the four 
cells is, in addition, longer than the latent period in a mass culture. This may 
be due mainly to technical factors introduced by the manipulation of the cells. 

The main purpose of the second series of experiments was to correlate the 
release of the virus with certain morphological changes of the cells. F1GurE 2 
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illustrates a typical example of these morphological changes. The virus release 
during the corresponding time intervals is represented diagrammatically below 
the cell pictures. The evolution of the cell changes may be summarized best 
as follows: One or two hours before the virus release begins, the cell contracts 
and withdraws its pseudopodes. Later on, a hyaline zone at the periphery of 
the cell appears and seems to precede immediately the virus release. The for- 
mation of a hyaline zone may not be pronounced if the cells are very contracted. 
The hyaline zone undergoes a pronounced vacuolization during the time of 
release. At the time the virus release ends, there is extensive cell disruption. 

The correlation between the virus release and the morphological changes 
just described is further supported by Ficures 3 and 4, which represent the 
changes shown by two other virus-releasing cells. In the case of FIGURE 4, 
most of the virus samples were taken at the time of the vacuolization of the 
hyaline zone. As may be seen, this time corresponded to the period of con- 
tinuous virus release. 

The morphological picture thus suggests that the release of the virus occurs 
through lysis of a part of the cell. This notion is supported by the finding, 
obtained in collaboration with Doctor Cooper, that monolayer cultures of 
P32-labeled monkey kidney cells infected with poliomyelitis virus of the same 
strain, release approximately half of their label simultaneously with the virus. 
It was not yet possible to study the morphological behavior of the nucleus in 
the infected cells due to the rounding up of the cells before the release of the 
virus. 

The results show that it is relatively easy to study the virus yields from 
individual cells, and it will be of interest, therefore, in the future, to compare the 
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Frcure 1. Growth curves of poliomyelitis virus type 1, Brunhilde strain, on four isolated monkey kidney 
cells. Abscissa: time after dilution of infected cells into nutrient medium. Ordinate: number of plaque-forming 
particles released by the cell. Arrows: time of vacuolization of hyaline zone (cf. FIGURES 3 and 4). 
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Ficures 2, 3, and 4. Correlation between morphological changes observed in isolated monkey kidney cells 
after infection with poliomyelitis virus type 1, Brunhilde strain, and the release of virus. FicurEs 3 and 4 cor- 
respond to the cells 3 and 4 in FicuRE 1. The numbers inside the circles represent the plaque-forming particles 
released at various time intervals, 
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results obtained for the poliomyelitis virus-monkey kidney cell system with 
those of other animal virus-cell systems. 
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Part II. Susceptibility of Cells and Organisms to Poliomyelitis 


COMPARATIVE SUSCEPTIBILITY OF CELLS OF THE SAME TYPE 
TO INFECTION BY POLIOMYELITIS VIRUS* 


By William F. Scherer 


Department of Bacteriology and Immunology, University of M innesota, Minneapolis, Minn. 


The generation of progeny different in certain properties from the parents isa 
universal biologic phenomenon. In tissue cultures, however, few variants of 
animal cells have as yet been recognized. Only two properties of cells, 7.¢., 
morphology and malignancy have been reported to vary after prolonged serial 
cultivation in vitro.-® Another measure of cell variation is the ability to propa- 
gate viruses. With more widespread use of animal cell strains for virus studies, 
cells with altered viral range may arise and be recognized. 

Of the many types of animal cells now under continuous cultivation im viiro, 
two strains have been studied extensively for their susceptibility to viruses. 
The first was the L strain of mouse cells (Earle) derived originally from sub- 
cutaneous tissue and, later, froma single cell. These cells are known to support 
growth of the viruses of herpes simplex, pseudorabies,* lymphocytic ckorio- 
meningitis, pseudolymphocytic choriomeningitis, encephalomyocarditis, MM 
strain,’ western equine encephalomyelitis,® and eastern equine encephalomyeli- 
tis.’ The second strain of cells explored for its viral range was the HeLa strain 
of human epithelial cells (Gey) derived from a carcinoma of the cervix. A 
number of viruses are known to propagate in these cells, 7.e., poliomyelitis,! 
Coxsackie (Group B),!': ” herpes simplex, pseudorabies, vaccinia," the enceph- 
alitis viruses of the eastern, western, West Nile, St. Louis, and Japanese B 
types,'* pseudolymphocytic choriomeningitis, acute respiratory disease,!*: "7 
mumps, and Newcastle disease." 

The extensive use of strain HeLa cells for studies of poliomyelitis virus has 
resulted in the production of many generations of cells. The chance of ob- 
taining variants should therefore be greater for strain HeLa cells than for other 
cells less extensively reproduced in vitro. Moreover, since the susceptibility 
of strain HeLa cells to certain viruses can be tested relatively easily, a con- 
tinuing effort seems justified to identify variants by testing their viral range. 

Cells apparently in this category appeared about one year ago at Microbio- 
logical Associates, Inc., Bethesda, Md. (MA), a company in mass production 
of strain HeLa cultures. At first, reports from various poliomyelitis labora- 
tories indicated an abnormal response of the cells to poliomyelitis virus. There- 
after, samples of cells were sent to the University of Minnesota for comparison 
with an original strain of HeLa cells. This paper records as a progress report, 
the results of studies to date on certain cultural characteristics of these cells, 
including their viral range, morphology, and growth rates. 


* Aided by a grant from the National Foundation for Infantile Paralysis, Inc., New York, N. Y. 


} Promptly thereafter, this company obtained a new stock of strai 
hee eit or adate a ee strain HeLa cells from our laboratory as a source 
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The procedures employed for cells from MA or for lines derived from them 
were identical to the methods described for cultivation of strain HeLa cells and 
for propagation of viruses in strain HeLa! 9 with the exception that, in the 
past six months, 5 rather than 10 per cent chicken serum in maintenance solu- 
tion’: '? has been employed for virus studies. It is noteworthy that the cells 
from MA attach less firmly to each other than strain HeLa cells, so that trypsin 
is not as regularly needed to disperse them. 


Results 


During February 1954, cells were received at the University of Minnesota in 
four shipments from MA and were studied for their susceptibility to the viruses 
of poliomyelitis, Coxsackie (Group B), herpes simplex, vaccinia, and eastern 
equine encephalomyelitis (EEE). Two lines of cells, i.e., lines 2 and 3, were 
subsequently derived from cells in two of the shipments. The virus suscepti- 
bility of line 2 was studied after approximately 5 and 10 months cultivation 
in this laboratory. Growth of line 3 has been too slow to provide sufficient cells 
for extensive viral studies. 

The information resulting from these studies will be presented chronologically 
in three categories: (1) Initial observations with cells received from MA; (2) 
a historical account of cells in the two lines developed from cultures sent by 
MA; (3) response to viruses of cells in line 2 in July 1954 and in November- 
December 1954. 

Cells from Microbiological Associates, Inc. In the spring of 1953, MA under- 
took mass production of strain HeLa cells. This firm obtained cells from 
several laboratories, including ours. By late fall 1953, several poliomyelitis 
laboratories reported failure to detect poliomyelitis virus with these cells as 
readily as with strain HeLa cells. Therefore, in February 1954, four shipments 
of cells on glass in test tubes were sent to the University of Minnesota for com- 
parison with an original line of strain HeLa cells. 

The cells survived shipment well. Their microscopic appearance was that 
of epithelium, i.e., polygonal cells as a monolayer of contiguous cells. They 
resembled strain HeLa cells except that, on the average, they were smaller in 
size. 

Shipment 1 (February 1-2, 1954). Cells were sent with fluid of unknown 
composition and without fluid. A mixture of human serum, 40 per cent, and 
Hanks’ balanced salt solution, 60 per cent (HuS-40, H-60), was added to the 
tube cultures sent without medium. Virus was added to cultures sent with 
the medium of unknown composition and to cultures rinsed thrice with balanced 
salt solution to remove viral inhibitors from the human serum medium. A 
mixture of chicken serum, 10 per cent, and maintenance solution, 90 per cent, 
(ChS-10, MS-90) was placed in the cultures after rinsing. Cultures inoculated 
within several days of arrival, with poliomyelitis virus, type 1, Mahoney strain, 
showed degeneration of only a few cells by five days, whereas concurrent inocu- 
lation of this virus into strain HeLa cultures produced total destruction in 


four days. 
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The remaining cultures of this shipment were kept for 26 days in Hus-40, 
H-60 with semiweekly medium change, before rinsing and inoculation with 
virus. During this interval, the cells enlarged and came to resemble closely 
strain HeLa cells. However, poliomyelitis virus, type 1, 2000 TCIDs0 , that 
totally destroyed strain HeLa in 2 days, caused no microscopically detectable 
degeneration by two days and destruction of only about 50 per cent of the cells 
by four days. Coxsackie virus, Group B, Nancy strain, capable of destroying 
strain HeLa cells totally in two days, affected only 50 to 80 per cent of cells by 
two and four days. 

Shipment 2 (February &-9, 1954). Cultures were received with media com- 
posed either of HuS-40, H-60 or HuS-25, CEEUF-5, CEE-1, PS-1, H-68, 2.6m 
human serum, 25 per cent; chicken embryonic extract ultrafiltrate, 5 per cent; 
chicken embryonic extract, 1 per cent; penicillin and streptomycin solutions of 
unknown strength, 1 per cent; and Hanks’ balanced salt solution, 68 per cent. 
These media were removed by rinsing and replaced by ChS-10, MS-90. Cul- 
tures inoculated within several days of arrival with 1000 TCID 50 of poliomyeli- 
tis virus, type 1, showed slowly progressive degeneration of cells. In six days, 
60 to 95 per cent of cells were dead whereas, in three days, all strain HeLa cells 
were destroyed. 

A second group of cultures kept for 17 days in HuS-40, H-60 with semiweekly 
change of medium retained a normal appearance two and four days after inocu- 
lation with approximately 2000 TCID5 of type 1 poliomyelitis virus which 
totally destroyed strain HeLa cells in two days. Moreover, these cells were 
destroyed slowly by Coxsackie virus, Group B. This virus, in an amount that 
completely destroyed strain HeLa cells in two days, caused degeneration of 
only 5 to 10 per cent of cells by two days and 90 per cent by four days. 

Shipment 3 (February 17-18, 1954). Tube cultures were shipped with (a) 
HuS-40, H-60, (b) HuS-25, CEEUF-5, CEE-1, PS-1, H-68 or (c) HoS-10, 
BAFUF-5, MS-85 (horse serum, 10 per cent, bovine amniotic fluid ultrafiltrate, 
5 per cent, maintenance solution, 85 per cent). Within several days of arrival, 
the cultures were rinsed thrice, and virus and ChS-10, MS-90 were added. 
Poliomyelitis virus, type 1, approximately 2000 TCIDs59 , caused slowly pro- 
gressive destruction to involve 80 to 100 per cent of cells by six days. Con- 
current inoculation of the same virus into strain HeLa resulted in total cellular 
destruction in two days. Despite this abnormal response to poliomyelitis virus, 
these cells, upon infection with herpes simplex and eastern equine encephalo- 
myelitis viruses, were also destroyed. 

Shipment 4 (February 25-26, 1954). Tube cultures containing HuS-25, 
CEEUF-5, CEE-1, PS-1, H-68, within several days of arrival, were rinsed 
thrice, and ChS-10, MS-90 and virus were added. The response to poliomyeli- 
tis virus, type 1, again was abnormal. Approximately 3000 TCIDs» totally 
destroyed strain HeLa in one day, but only 10 per cent of these cells by two 
days, and 90 per cent by four days. Coxsackie virus, Group B, that totally 
destroyed strain HeLa in two days, killed only 30 to 40 per cent of these cells 
in two days and 70 to 80 per cent in four days. Vaccinia virus caused the 
cells to become round but not to clump as extensively as strain HeLa cells. 
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In summary, the results of these initial studies with cultures prepared by 
MA were sixfold: (a) The cells were smaller than strain HeLa cells; (b) on re- 
peated occasions, they responded, as evidenced by cell destruction, more slowly 
than strain HeLa to poliomyelitis and Coxsackie viruses; (c) their response, 
on one occasion, to either herpes simplex or eastern equine encephalomyelitis 
virus was like that of strain HeLa; (d) they were destroyed rapidly but some- 
what atypically by vaccinia virus in one experiment; (e) no differences were 
noted among the cultures sent in media of different compositions; (f) the cells 
withstood well shipment of about 24 hours duration by airplane. 

Propagation of the cells. The demonstration of differences in morphology 
and in virus susceptibility between cells from MA and strain HeLa cells led to 
studies of the stability of these differences. For this purpose, two lines of cells 
were established from tube cultures in shipments 1 and 3 by treatment with 
trypsin and transfer to Porter flasks. 

The historical data that concerns the line derived from the first shipment, 
designated line 3, are presented in TABLE 1. The cells were nourished by 
HuS-40, H-60, which was changed semiweekly. This routine is established 
as adequate for strain HeLa cells, yet the rate of growth of line 3 cells was strik- 
ingly slower than in parallel cultures of strain HeLa cells, 7.e., cells could be 
transferred only six times between February and December 1954, whereas strain 
HeLa control cultures carried in identical medium (with human serum from the 
same donor) and in the same incubator (usually at 30° C.), required transfer 
at intervals of one to two weeks to avoid overcrowding of the flask with cells. 
Spontaneous degeneration of cells in line 3 was observed during the intervals 
listed in TABLE 1. This degeneration was manifested by rounding of scattered 
cells and their detachment from the glass. No focal areas of cellular destruction 
were seen. On one occasion, supernatant fluids from three cultures containing 
degenerate cells were pooled and inoculated intracerebrally into mice. No 
signs of illness, however, developed over a 24-day period. 


TABLE 1 
History or Line-3 CELLS: FROM SHIPMENT RECEIVED FEBRUARY 2,.1954 


Date Passage From To Medium! change eee 
2/24 1 311? 1, PF semiweekly | 4/1-5/4/54 
7/6 2 1, PF 2, PFS «“ 

7/23 3 1, PF 2, PFS «“ 8/10-8/31/54° 
8/13 4 1, PF 2, PFS «“ 8/24-9/10/54; 


9/28-10/8/54° 
10/22-11/9/54 
8/24 5 1, PF 2, PF «“ 8/27-11/12/54° 

11/23-12/8/54 


12/22 6 1, PF 2, PF « 


1 Medi = HuS-40, H-60. ; ; 

2 pei were obtained from one test tube culture (TT) sent with HuS-40, H-60 and from two TT sent without 
medium and HuS-40, H-60 added on arrival. Before transfer of cells, the medium was changed on February 14, 
18, and 23. . or 

3 Cells in one Porter flask (PF) of this passage, still in culture. 

4 ied by 9/7/54 in one PF. . . : 7 ; 

5 ES yald ean from passage 3, 4, and 5 was inoculated IC into six 3-week-old white mice. Neither 


illness nor death was noted over a 24-day period. 
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Ficures 1, 2, and 3. Normal strain HeLa cells photographed one or two days after replacement of HuS-40, 
H-60 medium at 30°C. 150. 


Ficures 4 and 5. Cells from line 2 in the 15th and 14th passages (TABLE II), in HuS-40, H-60 medium at 30° C. 
150. 


Ae 6. Cells from line 3 in the fourth passage (TABLE 1), one day after renewal of HuS-40, H-60 medium 
at 30°C. 150; 


The microscopic appearance of cells from the fourth passage of line 3 is shown 
in FIGURE 6. Despite a renewal of fresh medium one day before the cells were 
photographed, many cells were round and clumped, and the cell membranes were 
not as extended or delicate peripherally as were the membranes of strain HeLa 
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TABLE 2 
History oF Line-2 CeLis: FROM SHIPMENT RECEIVED FEBRUARY 18, 1954 


Date Passage From To eee ee Subline 
2/24 1 3), Ait! 1, PF semiweekly 
3/5 2 eer 2, PE ss 4/9-5/4/54 | 6/29-2F 
3/19 3) 1, PF 2) RE « 4/9-5 /4/54 6/25-2C 
4/3 4 iL, Jee 74, WON sé 4/20-5/4/54 | 6/25-2D 
4/13 5 i, 12m Py APA Eh as 6/25-2E 
6/4-12/22 6-17 il, PAR Zeer ys 


1 pee = HoS-40, H-60. 
2 Cells were transferred from 3 test tube cultures (TT) received February 18, 1954, in HoS-10, BAFUF-5, MS- 
85, which was replaced by HuS-40, H-60 on February 23. es pid ; eee 


cells (FIGURES 1 to 3). By two or three days after replacement of medium, the 
membranes of line-3 cells usually retracted, and the cells became round. 

Recently, by renewal of medium three times a week and by occasional addi- 
tion of egg ultrafiltrate, the growth rate of line-3 cells has been increased, so 
that sheets of cells cover the surface of a Porter flask. Thus, sufficient cells 
may soon be available for studies of virus susceptibility. 

Information pertaining to the line of cells developed from shipment 3, line 2, 
and to four sublines, 2C-2F, is presented in TABLE 2. In contrast to the cells 
of line 3, cells in line 2 have reproduced readily, at a rate equal to that of strain 
HeLa cells. Despite frequent incubation at 30° C., cells became crowded and 
required transfer approximately every two weeks. Spontaneous degeneration 
of scattered cells in line 2 was observed in April and May 1954. Since then, 
cells in line 2 have stabilized in morphology (rrcurEs 4 and 5), although re- 
cently it has been necessary for prevention of nutritional degeneration, to renew 
the medium three times weekly in Porter flasks with cells covering the cultural 
surface. Change of medium is necessary for strain HeLa only twice weekly. 

In June 1954, four sublines were started from different passage levels of line 2 
(TABLE 2). After several passages, subline 2D was discontinued to make time 
for other work. Cells in sublines 2C, 2E, and 2F have to date been transferred 
10, 11, and 8 times respectively from the passage of origin in line 2. Transfer 
without difficulty at regular intervals has been possible. Subline 2F has been 
maintained in both Porter flasks and in square 200 ml. screw-capped bottles. 

The morphology of subline 2C has been different from sublines 2E and 2F. 
Cells in subline 2C have often been round, smaller and, less frequently, in sheets 
of contiguous cells (rFrcuRES 7 and 10) than subline 2E (FIGURES 8 and 11), 
subline 2F (FIGURE 9) or strain HeLa (r1curEs 1 to 3 and 12). 

Cells from sublines 2C, 2E and 2F preserve at —60 to —70° C., as strain 
HeLa does,” for at least four months (August 1954 to January 1955). 

In summary, two lines of cells were derived from cultures received from MA. 
One line has been readily propagated, the other has reproduced very slowly. 
Cells in both lines have remained distinguishable from strain HeLa cells in that 
the cells are usually smaller, they are less cohesive (and thus can be more easily 
dispersed), and they are less resistant to nutritional inadequacies and related 
low pH (i.e., 6.6 to 6.9). It must be emphasized, however, that sheets of con- 
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FicurEs 7, 8,and9. Cells from sublines 2C, 2E and 2F respectively, after 8, 9, and 8 passages since origin 


from line 2 (TABLE 2), Cells were photographed one day after the HuS-40, H-60 medium was changed in Porter 
flasks at 30°C. 150. 


Ficures 10 and 11. Cells from sublines 2C and 2E in 
in this laboratory. One day before photography cultures 
replaced by fresh HuS-40, H-60. 75. 

Ficure 12. Normal strain HeL 
FIGURES 10 and 11. X75. 


test-tube cultures after 12 and 15 cumulative passages 
were transferred from 36 to 30° C. and the medium was 


a cells in a test-tube culture maintained in parallel with the cells shown in 


tiguous cells in some cultures, especially one day after renewal of medium, are 
indistinguishable from strain HeLa cells. 


Response of cells in line 2 to viruses. Cells from sublines 2C and 2E of line 
2 were infected by viruses on two occasions (TABLE 3). In July 1954, cells after 
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TABLE 3 
CoMPARATIVE VirUS SUSCEPTIBILITIES AND YIELDS OF STRAIN HeLa, AND LINES 
2C, 2E AND 2F 
Yield of Yield of Yield of 
virus? virus? virus? 
Virus inocula oA oe : SE : 
os ac 
Poliomyelitis 
7/54 ani 1,000,000 TCIDso = = 
,00 #3 A 
ped 500,000 “ = = 
500) = a ZZ 
403) 320,000 “ = = 
S20ey ac 3 2 
11-12/54 T3 1000 ee = {5.5|5.0 
S205 —y eesti =e Gyerileiey 
10 cs = 7.0/6.5 
Herpes simplex 
7/54 MB + HeLa! = = 
11-12/54 Undil. MB (MB® + = {3.5/4.0 
HeLa’ -- MB?) 
Vaccinia 
7/54 CAM? -- Hela’ -— = = 
CAM! + HeLa! 
11-12/54 10? dil. CAM® + HeLa! = 3.5/4.5 
+ CAM! 
EER 2 
11-12/54 Undil. MB? . =: = = 


1 = Signifies cytopathology equal to or like that seen in strain HeLa; ¥ indicates dissimilar cytopathology. 

2 Harvested simultaneously from line under test and from parallei HeLa cultures when 80 to 100 per cent of 
cells were destroyed. Yield quantitated in strain HeLa cell cultures and expressed as negative log of the dilu- 
tion of cultural liquid, which, per 0.4 ml produced a specific cytopathologic effect in 50 per cent (calculated by 
Reed-Muench method) of tube cultures after 5 to 7 days of incubation at 36° C. 

3 Cells were destroyed more slowly (by about one day) than strain HeLa. 

4 Superscripts indicate number of passages of virus in mouse brain (MB), HeLa or chorioallantoic membrane 
(CAM). 


a total of six passages in this laboratory (subline 2C) and eight passages (sub- 
line 2E) were inoculated with the viruses of poliomyelitis, herpes simplex, and 
vaccinia. Strain HeLa cell cultures were inoculated in parallel. The responses 
to herpes simplex and vaccinia viruses of sublines 2C and 2E were indistinguish- 
able from that of strain HeLa (raBLE 3). Poliomyelitis virus, in large quan- 
tity, rapidly destroyed these cells. With smaller quantities of poliomyelitis 
virus, however, the cytologic response was abnormally slow. Stages of cellular 
destruction comparable to those seen in control strain HeLa cultures occurred 
about one day later in cultures of sublines 2C and 2E. 

In November and December 1954, cells from sublines 2C and 2E, after 12 
and 15 passages respectively, were again inoculated with poliomyelitis virus, 
in relatively small quantity (TABLE 3). On this occasion, they responded rap- 
idly and comparably to strain HeLa cells (ricuREs 13 to 18). Furthermore, 
at this time, the response of sublines 2C and 2E to EEE virus was like that of 


strain HeLa (F1GuRES 19 to 24). 
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Ficures 13, 15, and 17. Normal strain HeLa, subline 2C and subline 2E cells in test-tube cultures as con- 


trols for cells shown in FIGURES 14, 16, and 18. Photographed three days after rinsing and adding ChS-5, MS-95 
atoo G0 X75. 


Ficures 14, 16, and 18. Effects of poliomyelitis virus upon strain HeLa, subline 2C and subline 2E respec- 
tively, three days after inoculation of type 3 virus, Saukett strain in ChS-5, MS-95 at 36°C. X75. 


Cells from subline 2F, after a total of nine passages, were studied in Novem- 
ber and December 1954 for their response to the viruses of poliomyelitis, herpes 
simplex, vaccinia,and EEE. The cytologic response of the cells to these viruses 
was similar to that of strain HeLa (TABLE 3, FIGURES 25 to 30 and 32 to 37). 
Moreover, the yields of poliomyelitis and herpes simplex viruses from subline 
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Ficures 19, 21, and 23. Normal strain HeLa, subline 2C and subline 2E cells in test-tube cultures as con- 
trols for cells shown in FIGURES 20, 22, and 24. Photographs were made two days after rinsing and adding ChS-S, 
MS-95, at 36°C. X75. 

Ficures 20, 22, and 24. Effects of EEE virus upon strain HeLa, subline 2C and subline 2E cells respectively, 
two days after inoculation of virus in ChS-5, MS-95 at 36°C. X75. 


2F cells were comparable to yields from parallel cultures of strain HeLa cells 
(TABLE 3). The slightly lower yield of vaccinia virus from subline 2F cells 
(TABLE 3) will require confirmation to be significant. 

During the experiments with subline 2F cells, degeneration occurred in con- 
trol cultures, rinsed thrice with balanced salt solution and incubated for five 
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FicurREs 27 and 28. Effect of vaccinia virus upon strain HeLa and subline 2F cells, two days after inoculation 
of virus in ChS-5, MS-95 at 36°C. X75. 


Ficures 29 and 30. Effect of poliomyelitis virus, type 3, Saukett strain, upon strain HeLa and subline 2F 


cells respectively, three days after inoculation of virus in ChS-5, MS-95 at 36° C. Note the single intact cell left 
in the subline 2F culture. 75 , 


Ficure 31. Degeneration of subline 2F cells in a control culture, after six days of incubation at 36° C. in 
ChS-5, MS-95. 75. 


to seven days at 36° C. in ChS-5, MS-95. This spontaneous degeneration made 
it difficult to evaluate the end points of virus titrations in subline 2F cells. 
Nevertheless, an attempt was made to compare the sensitivity of subline 2F 
and of strain HeLa cells for quantitation of poliomyelitis, herpes simplex, and 
vaccinia viruses. As shown in TABLE 4, the titration end point for poliomyelitis 
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FicureEs 32 and 33. Ni 
incubation at 36° C. in ChS-5, MS-95. X75. 

FIGURES 34 and 35. Effect of herpes simplex virus upon strain HeLa and subline 2F cells, two days after in- 
oculation of virus in ChS-5, MS-95 at 36° C. 

Ficures 36 and 37. Effect of EEE virus upon strain HeLa and subline 2F cells, two days after inoculation of 


virus in ChS-5, MS-95 at 36°C. X75. 


virus in subline 2F cells was essentially equal to that in strain HeLa cells. The 
end points of herpes simplex and vaccinia viruses in subline 2F cells, however, 
were indeterminate because of spontaneous cellular degeneration. 

In another experiment, an attempt was made to isolate an infectious agent 
from cultures showing spontaneous degeneration of line 2F ceils (rrcuRE 31). 
Since there was no microscopic evidence of bacteria or fungi in the cultures, 
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TABLE 4 
Virus TITRATIONS IN STRAIN HELA AND LINE 2F 


Virus HeLA 2F Cells 
Neg. log TCIDs0 Neg. log TCIDs0 
Poliomyelitis T3 (HeLa O22 4.7 (based on total degeneration; difficult to 
virus) read because of spontaneous degeneration). 
Herpes simplex (MB + 1 oil Indeterminate because of spontaneous de- 
HeLa)! generation. 
Vaccinia (CAM + 1 Safl Indeterminate because of spontaneous de- 
HeLa)! generation. 100% deg. through 10°. 


~1 Symbols indicate mouse brain (MB) or chorioallantoic membrane (CAM) suspensions passed once in strain 
HeLa. 


the cells remaining on the glass and the supernatant fluid from two test tube 
cultures were combined and inoculated intracerebrally into five white mice 
three weeks of age, and into two test-tube cultures of strain HeLa cells, after 
rinsing thrice and adding ChS-5, MS-95. No signs of illness became evident 
in the mice, and no progressive cellular destruction of strain HeLa cells occurred 
over a 30-day period. Thus, this spontaneous degeneration is as yet unex- 
plained. 

In summary, after 9 to 15 passages and 10 months cultivation in this labora- 
tory, cells derived from one shipment of cultures responded to poliomyelitis 
virus as strain HeLa cells do. Moreover, these cells produced poliomyelitis 
virus in amounts comparable to the yields from strain HeLa. Although the 
cytologic response of the cells to vaccinia virus in February 1954, on arrival 
from MA was somewhat atypical on one occasion, the cytopathogenic effect of 
this virus for these cells in July 1954 and in November and December 1954 was 
like that for strain HeLa cells. The cytologic response of the cells to herpes 
simplex and EEE virus has remained like that of strain HeLa. 


Discussion 


Experiments started in February 1954 to study cells from MA have resulted 
in several observations: (a) On arrival in this laboratory, the cells were smaller 
than strain HeLa cells and responded atypically to poliomyelitis, Coxsackie, 
and possibly vaccinia viruses, but typically to herpes simplex and EEE viruses; 
(b) cells derived from one shipment, line 2, have been propagated readily 
through 17 passages in medium of the same composition employed for strain 
HeLa cells, 7.e., a mixture of human serum, 40 per cent, and balanced salt solu- 
tion, 60 per cent; cells from another shipment have reproduced slowly through 
only six passages between February and December 1954 (although recently they 
have been stimulated to more rapid growth by frequent change of medium and 
by occasional incorporation of egg ultrafiltrate); (c) cells in the lines under culti- 
vation in this laboratory have remained on the average smaller, less cohesive, 
and less resistant to nutritional inadequacies and low pH than strain HeLa 
cells—yet the cells from one line, like those of strain HeLa, survive freezing and 
storage for at least four months; (d) cells in three sublines of line 2 now respond 
as strain HeLa does to poliomyelitis, herpes simplex, vaccinia, and EEE viruses. 
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Fundamental to this study is a question as yet unanswered unequivocally, 
v.€., are the cells received from MA and employed in these studies derivatives 
of strain HeLa cells? Since the origin of these cells was not the result of a care- 
fully observed experiment, it may be impossible ever to answer this question 
with certainty. At this time, it seems best to present the available evidence 
for and against this relationship and let the reader form a conclusion if he 
desires to do so. 

Affirmative evidence for derivation of these cells from strain HeLa can be 
itemized as follows: 

(1) the cells form monolayers of contiguous cells and, in some cultures, are 
indistinguishable morphologically from strain HeLa cells. 

(2) One line of cells grows in a mixture of human serum and balanced salt 
solution without tissue extract. This mixture is adequate for cultivation of 
strain HeLa cells, but requires incorporation of tissue extract for growth of 
many other cells. 

(3) Cells of one line, after 9 to 15 passages and 10 months cultivation in this 
laboratory, respond to the viruses of poliomyelitis, herpes simplex, vaccinia, 
and EEE as strain HeLa does. The other line has yet to be tested. 

(4) The cells throughout these studies have responded as strain HeLa cells 
do to herpes simplex and EEE viruses. 

(5) Freezing and storage of the cells from one line for four months has been 
successful by employing the methods used for strain HeLa cells. 

(6) Although MA in the spring of 1953, obtained ‘‘strain HeLa cells” from 
several laboratories, the firm claims that the cells received for this study came 
originally from a single bottle culture of strain HeLa supplied from our labora- 
tory in June 1953. 

(7) The personnel of MA state that at no time prior to shipment of cells to 
the University of Minnesota was there any other strain of human or animal 
cells in their laboratory, and that the chicken embryonic extract and bovine 
amniotic fluid ultrafiltrate employed for cultivation of these cells was filtered 
through Selas 0.03 porosity filters to sterilize and eliminate cells. 

Evidence against a relationship between these cells and strain HeLa cells 
includes (1) the origination of these cells under uncontrolled experimental 
conditions; (2) the morphologic and cultural dissimilarities, 7.e., size (usually 
smaller than strain HeLa cells), less cohesive than strain HeLa cells and greater 
tendency to degenerate several days after replacement of HuS-40, H-60 media, 
when the pH has reached 6.6-6.8; (3) the abnormal cytologic response to polio- 
myelitis and Coxsackie viruses in February 1954 and to small inocula of polio- 
myelitis virus in July 1954, after six to eight passages and five months’ cultiva- 
tion in this laboratory. 

Immunologic methods may assist in clarifying this relationship. An attempt 
is underway to prepare antibodies against strain HeLa cells and line 2 cells. 

If these cells came from strain HeLa cells, their mode of origin is unknown. 
Whether use of media other than HuS-40, H-60 or of animal sera or body fluids 
such as horse serum could have been a causative factor in their development 1s 


impossible to determine in retrospect. 
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Variations of animal cells have been observed to accompany prolonged cul- 
tivation in vitro. Most notable have been the transformations in vitro of nor- 
mal mammalian tissue cells to tumor cells.'* Normal cells from mouse and 
rat tissue, after cultivation in vitro in heterologous media for various periods of 
time ranging from four months to over four years, have produced tumors upon 
inoculation into the original strain of animal. In one study,‘ transformation 
of one strain of cells was attributed to anaerobiosis. No carcinogen was identi 
fied for the other transformations. Sanford ef al.> developed eight substrains 
from a single cell in a culture of normal subcutaneous adipose tissue from a 
strain C3H mouse. In the 18 months after single-cell isolation, cells from 6 of 
the 8 substrains produced sarcomata on injection into C3H mice. Two lines 
were studied further and found to possess differences in transplantability and 
morphology. One produced sarcomata in 97 per cent of normal mice, and the 
other in only 1 per cent of normal mice, but in 44 per cent of X-irradiated mice. 
The former line consisted of elongated, spindle-shaped cells forming a loose 
syncytium at the colony edge. The latter line contained round, contiguous 
cells in sheets. Each line produced tumors of distinctive histopathology. 

Of interest is a comparison of the extent of variation observed by Sanford 
et al.® and that observed in these studies. In each study, the differences be- 
tween cells were quantitative and not qualitative. For example, the two lines 
of mouse cells differed only in the degree of transplantability, and the cells from 
MA differed from strain HeLa only partially in their susceptibility to viruses. 
Moreover, although the cells in each study differed to a limited extent in 
morphology, they retained certain common cultural characteristics such as 
the nutritional requirements for growth. 

One tumor cell variant (T-333, Gey) has been compared with its cell of 
origin (a normal rat fibroblast, 14 p) for susceptibility to EEE virus." The 
variation that this cell underwent in vitro not only altered its malignancy but 
also made it susceptible to EEE virus. 

Further studies are needed to reveal other changes in characteristics of 
animal cells and to elucidate the mechanisms of such variations. It is now 
evident, however, that mammalian cells, like bacteria, transform in vitro, and 
that different variants can arise from a single cell. 


Summary 


Cells, possibly variants of strain HeLa human epithelial cells, have been 
compared with strain HeLa cells. Two lines of cells have been under study for 
10 months. Cells from one line have resembled strain HeLa in certain morpho- 
logic properties and growth medium requirements, in ability to withstand 
storage by freezing and in susceptibility to selected viruses. They have differed 
from strain HeLa cells in average cell size, cell cohesiveness, resistance to cer- 
tain cultural environments and, in February and July 1954 (but not in Novem- 
ber and December 1954), in their cytologic response to poliomyelitis virus. 
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COMPARATIVE SUSCEPTIBILITY OF ROLLER TUBE CULTURES 
OF DIFFERENT TISSUES TO POLIOMYELITIS VIRUSES* 


By Sidney Kibrick 
Research Division of Infectious Diseases, Children’s Medical Center; and The Department of 
Pediatrics, Harvard Medical School, Boston, Mass. 


During an investigation of the roller-tube tissue culture as applied to the 
isolation of poliomyelitis viruses from human feces, it became apparent that the 
tissues tested varied in their capacity to reveal these agents when the latter 
were present in low concentration. This observation led not only to a study 
of the comparative sensitivity of certain of the tissues, but also to the develop- 
ment of techniques that resulted in a higher incidence of recovery of virus.' 
Data illustrative of these variations in tissue sensitivity are presented in this 
paper, and certain of their implications are considered. 

Single fecal specimens from 241 patients were examined for the presence of 
poliomyelitis virus by means of the roller-tube tissue-culture technique, em- 
ploying chiefly human uterus, human embryonic skin and muscle, or human 
kidney. With 0.1 ml. of a centrifuged 10 per cent fecal suspension as inoculum, 
the frequency of virus recovery in cultures of human kidney was higher than 
in cultures of the other two tissues. Addition of larger inocula led to further 
increase in the number of isolations. Larger inocula, however, often proved 
toxic for the cells, especially when left in contact with the latter for more than 
one hour. Accordingly, a series of experiments was performed to determine 
whether contact for one hour at 37° C. between a small amount of virus (25 to 
100 ID50 TC/0.1 ml.) and roller tube cultures of the three tissues is adequate 
to insure infection as indicated by the subsequent emergence of specific cyto- 
pathic changes. TABLE 1 presents data from one of these experiments. The 
results showed that exposure for one hour to viral inocula consisting of 25 to 
100 ID 50 is not only effective, but that infection may occur within a period of 
two minutes. The frequent presence of virus, however, in supernatant fluids, 
removed from the cultures after various intervals (TABLE 1), afforded evidence 
that in most instances, even after one hour of contact, not all of the virus was 
combined with the cells. Similar experiments carried out at 0° and at 21° C. 
respectively indicated that less virus was fixed by the cells during the same in- 
tervals. 

Because of these observations, a number of fecal suspensions which had 
proven noninfectious in amounts of 0.1 ml. were retested using 1 ml. This 
larger inoculum was left in contact with the cells for one hour at 37° C. The 
fluid phase was then withdrawn and replaced. This short period of exposure 
to the fecal suspension, while it did not always prevent nonspecific cytotoxic 
effects, tended to reduce their frequency and mitigate their severity. By this 
procedure, the number of isolations of virus in all three tissues was increased 
approximately by one third. An increase in the number of specimens shown to 
contain virus was also obtained in similar experiments with roller-tube cultures 


* Aided by a grant from the National Foundation for Infantile Paralysis, Inc., New York, N. Y. 
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TABLE 1 
__ TIME REQUIRED FOR INFECTION OF ROLLER TUBE CULTURES OF HUMAN UTERINE TISSUES 
BY 50 ID;0 BRUNHILDE Virus.* FAILURE OF ALL AVAILABLE VIRUS TO COMBINE 
Wirtu TISSUES 


Specific cytopathic changes 
Time elapsed after addition of virus 
(minutes) In cultures of uterine tissue 
In cultures exposed to virus receiving supernatant fluids 
from cultures exposed to virus 

s) tc tr 

30 = = 

60 = | == 


* As determined in cultures of human uterine tissue. 


of rhesus monkey kidney. It was also observed that both human and monkey 
kidney were more resistant to fecal toxicity as compared with tissues yielding 
outgrowth consisting largely of spindle-shaped cells. Indeed, roller-tube cul- 
tures of both human and monkey kidney have been exposed to as much as three 
to five ml. of fecal suspension for one hour. In this way, virus was demon- 
strated in some of these specimens, although previously, with smaller inocula, 
none had been recovered. 

Since certain laboratories are using roller-tube cultures of monkey kidney 
for isolation of poliomyelitis virus, a comparison of the relative sensitivity 
for this purpose of human and monkey kidney was made. Sixteen fecal speci- 
mens, known to contain only small amounts of virus representing the three 
antigenic types, were retested in the following manner for the presence of the 
agent. To cultures of human or monkey kidney tissue, portions of the super- 
natant fluids from suspensions of the 16 specimens were added. The volume of 
inoculum was one ml. and the medium was changed after one hour. The cul- 
tures were observed for 23 days. During this period, the medium was changed 
whenever the pH fell below 6.9. Virus was recovered from 15 of the 16 speci- 
mens in cultures of human kidney, and from 8 in cultures of monkey kidney. 
Cytopathic changes were first noted in cultures of human kidney after a mean 
interval of two and two-thirds day and in cultures of monkey kidney after a 
mean interval of four days. These experiments suggest that cultures of human 
kidney are preferable to those of monkey kidney for the isolation of poliomyelitis 
virus from human feces. 

Additional evidence for the greater sensitivity of human kidney to the cyto- 
pathogenic effect of poliomyelitis virus in feces was obtained in the following 
manner. Virus-containing fluids from cultures of each of the two tissues that 
had been inoculated with aliquots of the same fecal specimen were titrated 
simultaneously in roller-tube cultures of human and simian renal tissues. 
Included in the experiment were comparable titrations of the fluid containing 
another strain which was isolated only in human renal tissue. In every 
instance, the titer as determined in human kidney tissue exceeded that in 


monkey kidney by 0.5 log or more. , é, 
While no experiments comparable to those described were carried out with 
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HeLa cell cultures, Wenner and Miller? have recently reported that, although 
the virus recovery rates from feces were of the same order in HeLa cell cultures 
and in roller-tube cultures of monkey kidney and testis, monkey kidney was 
superior to the other two in the isolation of virus from the oropharynx. Since 
specimens from the oropharynx probably contain a lower titer of virus than 
fecal specimens, these results could be interpreted as indicating a greater sensi- 
tivity of monkey kidney in the detection of small amounts of virus as compared 
with HeLa cells and monkey testis. That roller-tube cultures of monkey kid- 
ney and HeLa cell cultures are both more sensitive than monkey testis in this 
respect has been reported by others.’ 4: °»® From the data, then, of other in- 
vestigators and our own, it appears that the sensitivity of these tissues for 
detection of poliomyelitis virus in materials from human beings varies signifi- 
cantly. Of the four species of tissues or cells that have been rather extensively 
employed for the isolation of virus, monkey testis seems least and human 
kidney the most sensitive, while HeLa cells and monkey kidney approach the 
latter in this respect. 

The susceptibility of various tissues to the virus was studied further by de- 
termining the infectivity endpoints of several strains of virus in a number of 
different tissues (TABLE 2). Roller-tube fragment cultures prepared according 
to the method of Robbins and his associates’ were employed with all tissues 
excepting monkey kidney. Since Youngner® had shown that trypsin-dispersed 
cultures of monkey kidney cells were more sensitive than fragment cultures of 
this tissue, the former were used in these experiments. Two ml. of bovine am- 
niotic fluid medium’ were added to each culture. Tenfold dilutions of the 
specimens to be tested were prepared in isotonic phosphate buffer, and 0.1 
ml. was added to each culture. Quadruplicate cultures of the same tissue were 
used for each dilution. Titrations of a given suspension of virus were carried 
out simultaneously in cultures of each of the tissues. The cultures were incu- 
bated at 36° to 37° C. ina roller drum, and the medium was changed at intervals 
of one week. Final readings were taken on the 21st day after inoculation, and 
the end points calculated by the method of Reed and Muench. 


TABLE 2 


INFECTIVITY TITERS OF FECAL SUSPENSIONS FROM PATIENTS WITH PARALYTIC 
POLIOMYELITIS AS DETERMINED IN ROLLER TUBE CULTURES OF VARIOUS 


TiIssuES* 
Infectivity titer** 

Patient Type (virus) Ski d Monk 
Uterus | Foreskin Testis Kidney nae indner: 
(embryonic) (rhesus) 

Gor I 220 2.0 Dei 4.5 <4.0 <3.0 
Lee I 3.30 UND Oh ON Dei wed. st 3 an ND 

Cow II 2. Gf 220 Ze S158) ND Zs 
Wen Ill 3.0 AN Desi] 24.5t ND Ri) 
Bro Ill Soe) 5.3 ND Ais tl 4.7 4.7 


* Tissues of human origin except as indicated. 

** Negative log IDso per ml (0.1 ml inoculum used in all tests). 
t Lower dilutions not tested. 

t Higher dilutions not tested. 
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In TABLE 2 are recorded the results of titrations in cultures of various tissues 
of supernatant fluids derived from 10 per cent suspensions of the feces from 
five patients with paralytic poliomyelitis. These data are in general agree- 
ment with our previous observations on the greater sensitivity of human kid- 
ney. The exceptionally high titer obtained in one of the four titrations with 
human foreskin (BRO) may perhaps be attributed to the fact that the cultures 
employed in this particular titration contained an unusual number of epithelial- 
like cells. In cultures of mixed elements such as foreskin, testis, and embryonic 
skin and muscle, occasional discrepancies in titers may well depend on quantita- 
tive variations in cell types occurring in the outgrowth from these tissues. 

Titrations in cultures of most of these tissues were also carried out with three 
strains of poliomyelitis virus which had been maintained in the laboratory for 
considerable periods of time. Of these, the Brunhilde and Leon strains had 
gone through numerous monkey passages before they were propagated in tissue 
culture. Both agents were then passed once in embryonic skin and muscle and, 
afterwards, twice in myometrial tissue. The fluid from the second passage in 
uterine tissue was used for the titrations. The Lansing strain, which had been 
passed many times in mice, was grown once in embryonic skin and muscle, and 
passed three times in cultures of uterine tissue. Fluid of the third uterine tis- 
sue-culture passage was used for the titration. The infectivity titers recorded 
for these viruses are given in TABLE 3. The differences in titers exhibited by 
the Brunhilde strain are comparable to those recorded for all three types of 
human fecal viruses, human kidney again appearing as the most sensitive and 
uterine tissue as the least sensitive. The Lansing strain, however, presented 
essentially no difference in titer in the various tissues, whereas, in the case of 
the Leon virus, the highest titer was recorded in cultures of monkey kidney. 

Thus, while roller-tube cultures of human kidney appear to be more efficient 
in detecting small amounts of poliomyelitis virus adapted to man, the sensi- 
tivity of this tissue for animal-adapted strains, followed by not more than three 
to four passages in human tissues seems to be more variable. Specimens rep- 
resenting six additional laboratory strains, two of each type, all of which had 
undergone numerous monkey passages before being adapted to cultures of 


TABLE 3 


INFECTIVITY TITERS OF THREE LABORATORY STRAINS OF POLIOMYELITIS VIRUS 
IN ROLLER TUBE CULTURES OF VARIOUS TISSUES 


Infectivity titer** 


Tissue* : 
Brunhilde Lansing Leont 
“Uauey.. eee agian a einote cae ier acer 4.7 4.5 Sal 4.7 
idle lita Aiea ee eaten 7.0 5.0 S15 536 
MmibryoniG lungs... cet 2 OTe ee les ND ND 6.0 ND 
Embryonic skin and muscle..........--.-- 6.3 4.7 5.5 Soe 
Monkey testis (rhesus)......-....--+-+-+: Seis) 4.3 ND ND 
Monkey kidney (rhesus)...........---+-+: Sed 4.7 6.3 6.0 


| 
| 
| 


* Tissue of human origin except as indicated. ; 
** Negative log IDso per 1.0 ml. (0.1 ml. inoculum used in all tests). | 
+ Titrations on two specimens from the same pool, done at different times. 
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TABLE 4 

RELATIVE TimE AT Wuicn CyTOPATHIC CHANGES WERE First OBSERVED AFTER 
AppITION OF POLIOMYELITIS VIRUSES TO ROLLER TUBE CULTURES OF 

Various TISSUES 


Tissues arranged according to earliest appearance of cytopathic changes 


1. Human kidney 
2. Monkey kidney (trypsinized) 
3. Human embryo skin and muscle 
{Human uterus 
4 ) Human testis 
*)Human foreskin 
[Monkey testis 


monkey tissue, were also titrated in cultures of human and monkey kidney. 
Three were tested in stationary trypsinized cultures of both these tissues, and 
the infectivity of the remaining three were compared in roller-tube cultures of 
human kidney and cultures of trypsin-dispersed monkey-kidney cells. Five 
of the six specimens gave slightly higher titers in human kidney. With the 
sixth, a type III strain, the titers in the two kinds of cultures were essentially 
the same. 

Another criterion for the sensitivity of roller tube cultures of various tissues 
to poliomyelitis viruses is afforded by the rapidity with which cytopathic 
changes appear following inoculation. In TABLE 4, the various tissues are listed 
in the order in which they exhibited degenerative changes according to the time 
elapsing following exposure to the virus. In the majority of instances, in 
cultures of both human and monkey kidney as well as in those of embryonic 
skin and muscle, cytopathic effects, irrespective of the infecting dose of virus, 
were usually evident well within a week. With large doses, specific changes 
were noted in cultures of human kidney within 24 hours. In cultures of other 
tissues, such as are included in group 4 in this table, cytopathic changes were 
slower to appear. It is of interest that, even with the laboratory strains of 
virus, degeneration occurred more promptly in cultures of human kidney than 
in monkey kidney subjected to the same inoculum, although the infectivity 
titers were essentially the same. 

Relatively few data are available on the yield of poliomyelitis viruses in 
various susceptible tissues. Salk and his co-workers!” have compared infec- 
tivity titers of the fluid phase from cultures of various monkey tissues. Their 
titrations in monkey testis roller tubes indicated that the largest quantity of 
virus developed in cultures of monkey kidney tissue. Enders! has also pre- 
sented data on the yields of the three prototype viruses obtained in roller tube 
cultures of uterine and preputial tissues. Embryonic skin and muscle, as well 
as uterus, were used for the titrations. These data show little difference 
in the yield of Brunhilde and Leon virus in these two tissues, but suggest that 
the yield of Lansing was less in both these tissues than when grown in embry- 
onic skin and muscle. 

Since the present studies indicated that the tissues tested differed in their 
susceptibility to small doses of various strains of virus, assays of the virus 
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yield in roller-tube cultures of uterus and human kidney were made by estab- 
lishing the infectivity titers of pooled supernatant fluids derived therefrom in 
cultures of the most sensitive tissue available, i.e. human kidney. Because 
Scherer and Syverton” have shown that, in suspended fragment cultures of 
monkey testis, the fragments may contain large quantities of virus, both fluid 
and fragments were employed in preparing the virus pools for testing. 

Two strains of type I virus were studied—one a laboratory strain, and the 
other a recent isolate from a patient with paralytic poliomyelitis. Three 
roller-tube cultures of human uterus and human kidney, all with many frag- 
ments and extensive cellular outgrowth, were simultaneously inoculated with 
undiluted tissue culture fluid containing each virus. The fluids were changed 
at the same intervals and pooled. When degeneration of the cellular outgrowth 
from both tissues was far advanced or complete, the tissue fragments were re- 
moved, ground with alundum, and added to the combined pools of fluids from 
the respective tissues. The materials so obtained were titrated in roller-tube 
cultures of human kidney. The results are recorded in TABLE 5. They sug- 
gest that the amount of virus produced in cultures of human myometrium, a 
tissue of relatively low sensitivity, is of the same order of magnitude as that de- 
veloped in cultures of human kidney tissue. 

Further titrations of virus pools prepared in cultures of various susceptible 
tissues and titrated in tissues of high and low sensitivity for the infecting virus 
are desirable, however, before it may be concluded that equivalent quantities 
of viruses emerge in cultures of tissues that differ significantly in sensitivity to 
infection by the same agents. 

Discussion. Evidence derived from a number of investigations, including 
those here described, indicates that susceptible animals and cultures of sus- 
ceptible animal and human tissues may vary in their sensitivity to the same 
strains of poliomyelitis viruses. Of the hypotheses which may be formulated 
to account for these facts, two deserve consideration. The first would assume 
that while all the viral units have the same biological properties, the number of 
infective particles required to infect the individual cells of more resistant 
tissues is larger than that required to infect those of the less resistant tissues. 
The second would hold that variants were present in the inoculum, differing in 
their cytopathogenicity for the various cell types represented by the tissue 


TABLE 5 


InFectiviry TITERS OF POLIOMYELITIS Viruses GRowN IN ROLLER TUBE 
CuLturEs OF HuMAN UTERINE AND RENAL TISSUES 


Virus 
Tissue supporting growth | Tissue used for titration | Infectivity titer* 
Strain Type 
Gor I uterus kidney Suid 
kidney Tas) 
Lab ii uterus - 6.5 
kidney 7.0 


* Negative log IDso per 1.0 ml. 
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studies. Recent results described in this monograph, dealing with the segrega- 
tion of poliomyelitis virus variants from large inocula, tend to support the 
latter hypothesis. It is somewhat difficult to explain in this way, however, the 
production of equivalent concentrations of virus in cultures of human uterus 
and kidney as measured in human kidney. To do so, one must assume that 
while not all virus particles formed in tissues of low sensitivity are infective de 
novo for the virus-reproducing tissue, they may, however, be infective for other 
tissues of greater susceptibility. 

With regard to the isolation of poliomyelitis viruses, the use of a large in- 
oculum with a short period of exposure to the tissue culture will result in a 
higher percentage of virus recoveries. Furthermore, of those tissues tested, 
roller-tube cultures of human kidney were the most sensitive indicators of the 
presence of small infective doses of poliomyelitis virus from human sources. 

Since cultures of different tissues vary in their ability to detect the presence 
of small infective doses of these viruses as indicated by cytopathic degeneration, 
the most sensitive tissue or cells for the strains under test should be used in 
safety testing for poliomyelitis vaccines wherever practical. In view of the 
variations noted with different indicators of viral infectivity, even among human 
tissues, there would seem to be no assurance possible, at present, that poliomye- 
litis virus preparations noninfective by any of the current tests may not still 
contain infective virus when tested with more sensitive indicators if such can 
be devised. Results of virus assays and assays for viral antibodies, moreover, 
may well be expected to differ both with variations in the virus strain and with 
the indicator system employed. Standardization of both these variables is 
herefore necessary if comparable information is to be obtained in different 
laboratories. 
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COMPARISON OF SUSCEPTIBLE AND RESISTANT CELLS TO 
INFECTION WITH POLIOMYELITIS VIRUS* 


By Albert S. Kaplan 


Section of Preventive Medicine, Vale University, New Haven, Conn. 
~ 3 7) 


Ever since the discovery of the virus by Landsteiner and Popper,’ poliovirus 
has manifested an extremely narrow host range. Even in vitro strains of the 
three virus types have been found to multiply and cause cytopathic changes in 
cultures of tissue derived from primate sources only. A wide variety of tissues 
of primate origin are susceptible to the action of poliovirus,’ but human kidney 
tissue,* as well as that from rhesus and cynomolgus monkeys,’ seems to be more 
susceptible than most of the normal tissues employed for virus growth. The 
results of studies on the susceptibility of tissues from various species have been 
obtained either with tissue fragments embedded in a plasma clot, or with sus- 
pended tissue fragment cultures. Since monolayer cultures of renal epi- 
thelium are more susceptible to poliovirus, we considered it possible that such 
cultures obtained by trypsinization®: ° from various species might prove more 
susceptible than hitherto suspected. The purpose of this report is to compare 
the reactions to poliovirus of epithelial cells derived from the kidneys of four 
different species. 

The animals selected for this study were newborn rabbits, immature ham- 
sters, and capuchin and rhesus monkeys. These animals show a progressively 
greater susceptibility to poliovirus in the order listed. The kidneys from these 
animals were trypsinized and cultures prepared in tubes, using the lactalbumin 
hydrolysate-calf serum medium, as outlined in Doctor Melnick’s paper. 
When the monolayers had formed, each was inoculated with Brunhilde, Y-SK, 
and Leon strains of poliovirus which had been through 25 passages in cultures 
of rhesus monkey kidney. Only the rhesus kidney cells supported the growth 
of these polioviruses. This is illustrated in TABLE 1 for the capuchin monkey. 
The three representative strains of poliovirus were incubated with cultures of 
capuchin renal epithelial cells. No cytopathic changes were noted and, after 
two weeks of incubation, the culture fluids were harvested and titrated in 
rhesus kidney cultures. The results show that the three types of tissue-culture 
virus persisted without giving any evidence of having multiplied, since the titer 
ce virus found did not differ significantly from that of the control tubes without 

issue. ; 

Experiments with capuchin cultures inoculated with human stools proved 
to contain poliovirus suggest, however, that renal epithelial cells from this 
species may support the growth of type 1 poliovirus. Capuchin cultures were 
inoculated with three different specimens of human stools, each stool contain- 
ing a different virus type. The fluids were harvested at the end of two weeks 
and titrated in rhesus kidney cultures. As the results in TABLE 1 show, the 
ean Sy anne aoa cells Oe with type 1 fecal virus con- 
Similar results were obtained on sae ere een an ae ached 

passage of this material in capuchin 


* Aided by a grant from the National Foundation for Infantile Paralysis, Inc., New York, N. Y. 
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TABLE 1 


SUSCEPTIBILITY OF CAPUCHIN KrpNEY EPITHELIAL TissUE CULTURES TO 
POLIOMYELITIS VIRUS 


Fepule of ee Result of titra- 
{st in rhesus kidney M6 tion in rhesus 
é ‘CH : kidney TCt 
Virus* Type Tissue Ee cchint a Se Se Papachinn 
ne Control EC 
Cytopanh, Cebus (no Ry sopatn Cebus Con- 
tissue) trolt 
Standard 
IBEW. <<). = « 1 capuchin = 4.0, 3.0 
VAN Se 2 -- 320 DR) 
MMC OMS eo... ay... 3 —_ 4.0 3.0 
Stools 
ite eee iL capuchin = 4.0 0 = Sail 0 
12 2 —_ 0 0 — 0 0 
les 3 — 0 0 = 0 0) 
ee OR es. ss 1 rhesus + 
A) 2 + 
a 3 + 
* Undiluted. 


et Biegative log per 0.1 ml inoculum; 0 means that virus was not detectable in undiluted or 10 times diluted 
inocula. 
t Dead tissue. 


cultures. The other stool specimens containing types 1 and 2 polioviruses did 
not persist either in the tubes with or without capuchin cells. This observa- 
tion is in keeping with the findings made in this laboratory 12 years ago’ that, 
while rhesus adapted poliovirus inoculated intracerebrally failed to infect 
capuchin monkeys, virus obtained from human patients was pathogenic and 
readily produced paralysis. A correlation may also exist between our obser- 
vation and that of Jungeblut and de Rodaniche,* who reported that spider 
monkeys, which are also New World monkeys, are susceptible to the intra- 
cerebral inoculation of type 1 poliovirus but not to types 2 or 3. 

Since the kidney cells from rabbits, hamsters, and capuchin monkeys proved 
to be nonsusceptible to tissue-culture virus, attempts were made to alter their 
resistance. One approach to this problem was to grow the renal cells of the 
resistant animals together in such intimate contact with the susceptible cells 
of the rhesus monkeys that, except for the hamster cells, they could not be told 
apart microscopically. After the cells had grown together, virus was added 
and cytopathic changes occurred, presumably only in the susceptible cells, and 
the assumption was made that the unaffected cells were those derived from the 
resistant species. These cultures had been prepared by seeding tubes with 
varying concentrations of susceptible and nonsusceptible cells. The fluids, 
harvested after inoculation with virus of cultures seeded with an equal number 
of both types of cells, were passed in cultures containing fewer and fewer of the 
susceptible cells until the final passage, which was carried out in cultures ¢cn- 
taining cells derived from the kidneys of the resistant animals only. Titra- 
tions of the fluids from these cultures showed that virus multiplication in the 
nonsusceptible cells had not occurred. Similar results have been obtained by 


others.?: 9 
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A second method of inducing the change from resistance to susceptibility 
was tried. ‘Three-week-old hamsters were given two intramuscular inocu- 
lations of cortisone 24 hours apart. Two hours after the second inoculation, 
half of these animals were subjected to X-ray irradiation; another group of 
hamsters, not treated with cortisone, was also irradiated. The animals were 
sacrificed two and four days later, their kidneys removed, and monolayer cul- 
tures prepared in tubes. When these cultures had grown out, they were inocu- 
lated either with Y-SK virus passed 25 times in tissue culture, or with MEF1 
virus passed intracerebrally in hamsters. None of the four groups of cultures 
supported the multiplication of either virus. 

The reason for the lack of susceptibility was explored. The possibility was 
considered that the primary step in virus infection, namely, virus adsorption 
might be involved, since it is known that bacteriophage may be adsorbed by 
but not multiply in some nonsusceptible cells. Experiments were therefore 
carried out to determine whether the lack of susceptibility might be associated 
with the lack of adsorptive capacity for the virus. Renal epithelial cells of 
rhesus and capuchin monkeys, normal hamsters, and hamsters treated with 
cortisone and with X-ray irradiation were grown in Petri dishes, and their 
capacity to adsorb Y-SK virus was determined by the plaque technique of 
Dulbecco and Vogt.® Virus was added to the renal epithelial cells, which were 
incubated at 37° C. At appropriate intervals, the cultures were removed from 
the incubator, the virus suspension removed, and the plates washed with phos- 
phate buffered saline. Agar, containing a nutrient medium, was now added 
to the plates. The removed virus suspension and washings were combined and 
tested for the number of infectious virus particles in fresh plates. TABLE 2 
illustrates the results obtained with rhesus and capuchin monkeys. After 10 
minutes of incubation, an average of 14 plaques were adsorbed. This average 
is 12 per cent of the total virus added. The unadsorbed virus and the wash- 
ings, which constitute the free virus, yielded an average of 16.5 plaques. When 
the dilution factor was taken into consideration, the total amount of free virus 
was calculated to be 125. The amount of virus adsorbed, calculated by con- 
sidering the total virus as the adsorbed plus the free, turned out to be 11 per 
cent, a good correlation with the percentage of virus as calculated above from 
the total number of plaque-forming particles added. By 90 minutes, the rhe- 
sus cells had adsorbed 79 per cent of the virus added. 

In contrast to the rhesus cells, the capuchin cells failed to adsorb a measur- 
able amount of virus, since all of the added virus was recovered, even after an 
incubation period of 90 minutes. In experiments carried out in the same way, 
the renal cells from all the other animals, including the treated hamsters, failed 
to adsorb virus. It should be pointed out that the lack of virus adsorption 
by these resistant species, particularly the capuchin monkeys, does not pre- 
clude the possibility that, if the virus were to gain entrance into the cells by 
some other means, it might still multiply there. 

In addition to these studies on the susceptibility and resistance of renal cells 
from different species, a comparative study has been made of the infection by 
poliovirus of monkey kidney cells in vivo and in vitro. The monkeys were 
inoculated directly into their kidneys with Y-SK tissue culture virus. At ap- 
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TABLE 2 
ADSORPTION OF Y-SK Virus TO RHESUS AND TO CapucHIN KIDNEY EPITHELIAL 
CELLS 
Ad ‘ : 
bes ricki eintd Free no. of plaques Rote beet te 
Time (min) 
1073 10-4 Observed aration A B 
Rhesus 
10 14 16.5 125.4 12 11 
15 18.5 15 
30 24.5 (1S) 102.6 20 19 
60 5 42 
90 9.5 79 
Capuchin 
30 _- 15 114.0 0 
90 — 19 144.4 0 
Control 12 
Results are averages of duplicate samples 
ee Adsorbed _ Adsorbed 
Total virus added ~ Adsorbed + Free 
TABLE 3 
SUSCEPTIBILITY OF RHESUS KIDNEY CELLS IN VIVO AND IN VITRO 
re ricer founds ROY) Vines nad Neuisliter 
1 eeil Shige) 40 + 
2 4.5 <1.0 <0.03 + 
3 4.5 2.0 0.31 + 
4 4.5 1.5 0.10 + 
7 4.5 <1.0 <0.03 — 1:10 
10 Se th 1.6 0.80 + 1:20 


* Negative log per 0.1 ml. inoculum. 


propriate intervals after inoculation, the animals were sacrificed and the kid- 
neys removed and treated as follows: one kidney was homogenized in a Waring 
blendor, and the amount of virus present in the cell-free suspension determined; 
the second kidney was trypsinized and cultures prepared in tubes. 

As the results in TABLE 3 show, the amount of virus present in rhesus monkey 
kidneys decreased 40 per cent in the first 24 hours after inoculation and, by 10 
days, less than 1 per cent of the virus remained. The cells from the second 
kidney grew out in tissue culture into monolayers and degenerated spontane- 
ously in four to six days. Two further facts of interest emerge from these re- 
sults as well: (1) virus could be detected in tissue culture even when none was 
- detectable in the cell-free homogenate; and (2) the presence of antibodies in 
the serum of the monkey sacrificed at seven days indicated that virus had been 
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present, although the amount remaining in the kidney was so small that it 
could not be detected even in the highly susceptible renal epithelial cells in the 
culture tubes. 

This experiment was repeated with cynomolgus monkeys, one group being 
treated with cortisone. The amount of virus present in the monkey kidneys 
in vivo decreased, so that, by the ninth day, no evidence of virus multiplication 
in the kidney could be detected by titration of the cell-free homogenates. No 
significant difference could be detected between the treated and untreated 
cynomolgus monkeys, nor between this species and rhesus monkeys. It is 
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Ficure 1. Titration of fluids from cultures of cynomolgus monkeys inoculated in vivo with virus. 
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noteworthy that, even though one of the monkeys came down on the ninth day 
with paralytic disease, no evidence of virus multiplication in the kidney could 
be obtained. This lack of virus multiplication in the kidney is comparable 
with the observations of Evans et al.!° and Ledinko et al.,1" who found also no 
evidence of virus multiplication after intratesticular virus inoculation. 

The fluids from cultures of kidneys that had been inoculated in vivo and sub- 
sequently used to initiate the cultures were collected daily and titrated. The 
results are illustrated in FIGURE 1. These curves represent the averages of 
individual curves obtained by the daily titration of the fluids from the cultures 
prepared on the day a given animal was sacrificed. As these curves demon- 
strate, virus was barely detectable, and sometimes not at all on the first day 
of incubation in vitro, but it multiplied considerably, so that by the eighth day 
of incubation, the tissue culture fluids had an average titer of over 10~* per 0.1 
ml. 

Similar experiments were carried out with Cebus capucina, the New World 
capuchin monkey. A comparison of the multiplication of virus in vivo be- 
tween the Old and New World monkeys, as illustrated in FIGURE 2, shows that 
the kidneys of the capuchin monkeys and the kidneys of the cynomolgus 
monkeys respond the same way in vivo. There was a steady decrease in the 
amount of virus in the kidneys of the living animals whether or not they had 
been treated with cortisone. The amount of virus found in the kidneys of the 
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Ficure 2. Comparison of virus multiplication im vivo between Old and New World monkeys. 
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capuchin monkeys at the end of three and seven days correspond approxi- 
mately to that found in the kidneys of the cynomolgus monkeys for the same 
periods. Thus, both the cynomolgus and capuchin monkeys are approximately 
equally resistant to the im vivo inoculation of virus. 

The results obtained in vitro, however, are in marked contrast to those ob- 
tained in vivo. As the curves in FIGURE 3 show, the renal epithelial cells de- 
rived from the in vivo inoculated cynomolgus monkeys are highly susceptible 
in vitro. This curve is an average of daily titrations of fluids from cultures 
grown from the kidneys of eight monkeys sacrificed at the time intervals indi- 
cated in FIGURE 2. As this curve shows, the production of virus in these cul- 
tures reached a titer of over 10~° per 0.1 ml. in eight days. The curve obtained 
by titrations of fluids from similar cultures derived from the 7 vivo inoculated 
capuchin monkeys shows that virus did not multiply in the renal epithelial 
cells of these animals, which remain resistant 7m vitro. 

Finally, an experiment was carried out to determine whether the inoculated 
virus might have penetrated the kidney cells of the susceptible animals inocu- 
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TABLE 4 


DETERMINATION OF LOCATION AND AMOUNT OF VIRUS ON CELLS DERIVED FROM INOCULATED 
RuHESUS KIDNEY 


Dilution Plaques Average Calculated multiplicity 


I. Intact cells 


Original 28, 26, 16 23.3 Phn3e) YK iO! 2.1 Virus particles 
Yo B, 7 Zig 8 leit S< wp i 10,000 Cells 
II. Supernate of disrupted cells 
Original 41, 38 39.5 Sep Ok ie 3.6 Virus particles 
Yo DA ars 3 ibe Se ae J 10,000 Cells 


lated iz vivo and might have grown in them to a limited extent, or whether the 
virus might simply have been free extracellularly in the kidney in vivo and 
might have been adsorbed to the cells only during the trypsinization procedure. 
Cells from the kidney of a rhesus monkey inoculated 24 hours previously were 
plated by the plaque method to determine the number of infectious centers. 
As shown in TABLE 4, an average of 23 plaques was counted. A portion of cells 
from the same suspension was disrupted by homogenization, and the super- 
natant fluid also titrated in plates. This yielded an average of 40 plaques, an 
approximate twofold increase which can hardly be considered significant if 
virus were growing in some of the kidney cells im vivo. While this experiment 
does not provide rigorous proof that virus had been adsorbed during the tryp- 
sinization of the kidney, this is the more probable interpretation. 

The right side of TABLE 4 shows that there was a very small number of virus 
particles in the suspension of cells derived from the kidney of the im vivo inocu- 
lated monkey. As illustrated, there were 2.1 to 3.6 virus particles per 10,000 
cells, emphasizing again the highly susceptible nature of the renal epithelial 
cells in vitro. 

These observations may be summarized as follows: 

(1) Poliovirus passed 25 times through rhesus monkey kidney cultures did 
not multiply in renal epithelial cells derived from newborn rabbits, immature 
hamsters, and capuchin monkeys. Experiments with capuchin cultures in- 
oculated with human stools suggest, however, that the renal cells from this 
species may support the growth of type 1 poliovirus derived from human 
sources. 

(2) Induction of the change from resistance to susceptibility attempted by 
_ growing nonsusceptible and susceptible cells together and by treatment of 
hamsters with cortisone and X-ray irradiation did not succeed. 

(3) The lack of susceptibility of the cells tested might be due to their lack of 
capacity to adsorb Y-SK virus, for it was found that while the susceptible 
rhesus cells adsorbed about 80 per cent of this virus in 90 minutes, the resistant 


cells did not adsorb a measurable amount. 
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(4) A comparison of the response to poliovirus by kidney cells im vivo and in 
vitro showed that renal cells from rhesus or cynomolgus monkeys proved to be 
resistant to tissue-culture adapted virus when inoculated in vivo, but were com- 
pletely susceptible in vitro. This finding is in contrast to the cells of capuchin 
monkeys which were resistant im vitro as well as in vivo. 

(5) The extraordinary in vitro sensitivity of the susceptible kidney cells 
from animals inoculated in vivo was shown also by the fact that, in several 
instances when no virus could be detected in cell-free homogenates, virus could 
be usually detected in cultures made from the other kidneys of these animals, 
and by the fact that calculations made from an experiment carried out by the 
plaque technique showed that there were only 2.1 to 3.6 infectious virus 
particles per 10,000 cells, but when this suspension of cells was grown out in 
tubes, a high yield of virus was produced. 
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Discussion of the Paper 


Doctor M. M. SicEL, Department of Health, Education, and Welfare, United 
States Public Health Service, Montgomery, Ala.: Heretofore, problems of re- 
sistance at the cell level in the area of host-virus interaction have been virtually 
ignored. Closer scrutiny of the workings of susceptibility and resistance of 
cells is bound to increase the understanding of host-virus interactions in more 
complex systems. In connection with Doctor Scherer’s report, I should like to 
say that we have also obtained a resistant line of cells from a regular shipment 
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of Carver Foundation HeLa cells. This line, designated 95, has retained this 
characteristic up to this time. The cells have undergone 34 weekly passages. 
The resistance appears to be selective in nature. The cells are relatively re- 
sistant to poliomyelitis virus, yet possess a normal degree of susceptibility to 
vaccinia and herpes viruses. In attempting to enhance the resistance of these 
cells to poliomyelitis virus, subcultures were made from surviving cells following 
infection with poliomyelitis virus. Two sublines were thereby established. 
One reverted to normal susceptibility to poliomyelitis virus by the second sub- 
passage. The other, after 24 weekly passages, has remained at the same level 
of resistance as its parent. 

With respect to Doctor Kaplan’s remarks about his failure to alter the re- 
sistance of cells by prior treatment of the intact animal with cortisone, I should 
like to state that we have obtained evidence that cortisone is capable of modi- 
fying susceptibility of one type of cell if added to the cells in tissue culture. In 
fact, a rather curious situation has been discovered. Cortisone was found to 
cause increased resistance of HeLa cells to poliomyelitis virus-induced cyto- 
pathogenic changes when given at the time of infection with the virus. On the 
other hand, an increased susceptibility was obtained when the hormone was 
introduced into the cultures at the time of initiation of cell culture and then 
washed away prior to infection with virus. 


SOME COMPARATIVE OBSERVATIONS ON THE BEHAVIOR OF 
POLIOMYELITIS VIRUSES IN ANIMALS AND IN 
TISSUE. CULTURE* 


By Herbert A. Wennert 


University of Kansas School of Medicine, Kansas City, Kans. 


During the past two years, the Virus Laboratory in the University of Kansas 
has been engaged in studies designed to obtain strains of poliomyelitis viruses 
modified in regard to their paralytogenic properties for animals commonly used 
in experimental poliomyelitis. At the beginning of the study, it was realized 
that essential information about some of the biologic characters of poliomyelitis 
viruses was needed. There were available many strains of poliomyelitis viruses 
that had been studied in some detail in the typing program.' Among these, 
we selected 24 strains for comparative studies in animals and in tissue culture 
prior to experimental approaches designed for ‘‘purification” and search for 
mutants in the virus population. A part of these comparative studies provide 
some of the data reported here. I have also appended some comparative data 
on the usefulness of tissue culture methods for the detection of virus directly 
from human or animal sources, and for the assay of serum neutralizing anti- 
bodies. 


Materials and Methods 


Poliomyelitis viruses. The strains of poliomyelitis viruses studied are listed 
in the text. A pool of virus, prepared from the spinal cords of infected monkeys, 
was prepared with each strain.! Following adaptation of each strain in tissue 
culture, each was passaged three or more times. Excepting the few strains 
difficult to adapt in tissue culture, the fourth passage was made in order to 
prepare a pool (100 ml.) of virus. Aliquots of each virus pool were distribu ted 
in 1.0 ml. ampoules and stored in a dry-ice cabinet. The brain and spinal 
cords obtained from paralyzed mice? were used to prepare additional virus pools. 
The studies made are based on observations made with the reference pools of 
virus. 

Titration of virus pools. Decimal or half-log dilutions of a reference fool of 
virus was made in medium 199 Animals or tissue cultures were inoculated 
immediately, beginning with the tube containing the least amount of virus. — 
Four to eight tissue culture tubes, eight mice, and two to six monkeys were 
used to test each virus dilution. Titrations were often repeated in tissue cul- 
ture and in mice, but only infrequently in monkeys. Results appearing in the 
text are cumulative, based on two or more titrations. 

Tissue cultures. The methods used for the propagation of poliomyelitis 
viruses in several tissue culture systems have been described.4: *:*7 QObser- 
vations reported here are based on tubes containing actively growing cells in 


* Aided by a grant from the National Foundation for Infantile Paralysis, Inc., New York, N. Y. 
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_ | Lam indebted to my associates, Doctor C. Arden Miller and Paul Kamitsuka for some of the data included 
in the text of the paper. 
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0.9 ml. of nutrient or maintenance solutions. An 0.1 ml. inoculum was de- 
livered to the tissue cultures, excepting in the colorimetric test where 0.25 ml. 
inoculum was used. Inoculated and control tubes were observed for a period 
of seven days. 

Animal tests. Monkeys (rhesus and cynomolgus) and Swiss mice were in- 
oculated intracerebrally with reference pools of virus. Monkeys received 0.5 
ml., mice 0.03 ml. of the appropriate dilution of virus. The animals were 
examined daily for a period of 30 to 40 days. The CNS of each monkey was 
examined for experimental lesions characteristically found in poliomyelitis. 
Mice were scored on the basis of paralysis or death occurring on or after the 
second day after inoculation. 


Results 


Variations encountered in tissue culture systems. It was recognized early that 
quantitative differences existed in tissue culture systems employed for repli- 
cation of poliomyelitis viruses. A difference was apparently related to lytic 
resistance of cells such as testicular fibroblasts used for virus replication. For 
example, virus pools prepared in testicular fibroblast cultures often, but not 
always, provided titers two to four logs lower in fibroblast than in kidney epi- 
thelial cell cultures. Another difference was related to the adequacy of nutrient 
media used to initiate and maintain cultures of actively growing cells. We 
have used several different media, as have other workers, more or less on the 
premise that they were deemed adequate without evidence in regard to per- 
formance level. It was recognized, however, that the addition of serum pro- 
vided a milieu conducive to vigorous cell growth of kidney epithelial cells and 
then to a more abundant replication of virus within the cell mass. For exam- 
ple, implants seeded in lactalbumin hydrolysate gave less regular and generally 
less vigorous growth of kidney epithelial cells than implants seeded in a medium 
consisting of Earle’s solution, 70 per cent; acetone embryo extract, 10 per cent; 
and monkey serum, 20 per cent. The latter medium initiated and maintained 
excellent cellular growth, and virus titers were two to three logs higher than 
those observed in cells nourished with lactalbumin hydrolysate. Another dif- 
ference was related to the cell mass introduced and is subject to the variables 
mentioned above. Although an effort has been made recently to standardize 
the cell mass,’ 8 problems pertaining to viability cells have not been entirely 
resolved. Finally, differences existed among strains of poliomyelitis viruses in 
their abilities to lyse the cell mass in tissue culture. For example, the mouse- 
adapted Lansing strain of poliomyelitis virus required seven consecutive pas- 
sages in kidney epithelial cells before general lysis was observed. Probably, 
replication cccurred in some susceptible cells. At the fourth passage level, 7 
to 10 mice were paralyzed following intracerebral inoculation of undiluted fluid 
(only). At the sixth passage, the negative log of the IDso was less than 1.0 
in tubes maintained for 14 days. Generalized cell lysis was observed at the 
next passage level. A TCD5o of 10-*-> was obtained in kidney roller tubes, and 
an IDso of 10-!-* in mice at the eighth passage level. A relative inability of 
virus to destroy the cell mass was found with two additional type 2 strains of 
poliomyelitis viruses. In comparison, the 21 additional strains which we have 
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TABLE 1 


CoMPARATIVE DATA ON TITRATION OF Ercut STRAINS OF POLIOMYELITIS VIRUSES IN SEVEN 
TissUE CULTURE SYSTEMS 


TDCso obtained in several tissue culture systems 
No serum Serum present during cellular growth phase 
Strain of virus Type As 2 a ed z 
ri OK o © py vu 
2 | fe \Ezol Be | 3s) 5 | age 
Se Sa |2e+| 28 | 22) 4 |aasiage 
m4 4 4 [24 oe ise) en ee 
Brunhilde seers 1 3.9 | 3.8 | 5.8 3.32.| — | <3.0 | 2e2elee Oru 
Books ae 2 4.0 | 5.4 | 8.6 6.8 6.6 On lois yaa’ 
BEVi3: 50... eee 2B 34 OL OF Ons Se2 Sats) 5.6 | 5.4 7.8 
Hotovich wee 2 — | 6.0} 7.7 6.7 Sif, 5.6 | — 6.8 
eindéne-4ec kere 2 — | 4.9] 8.5 | <7.0 See! 5.6 | 6. 2aleedgew 
Orr. eae 2 — | 5.4 | 6.0 thee Bie) 5.6 | 5.9 — 
WS Kicgsid kitten eu 2 2: Siow OMe Dak 55 526 ShIMSad 575 
Saukett=- eee 3 See cy alleeeaceh || Se eie(6) 535 


RT = roller tube; LA = lactalbumin hydrolysate; MI = metabolic inhibition; ST = 
stationary tube; MS = monkey serum. 
* Pool prepared in Roux flasks in testicular implants; all others from monkey kidney implants. 


studied promptly lysed kidney cells, and replication of virus in high titer was 
achieved. Some of the data pertinent to this discussion appear in TABLE 1. 

A comparison was made also of the reproducibility of virus titration in test 
systems involving monkey, human, and HeLa epithelial cell cultures. These 
data also appear in TABLE 1. I am indebted to Doctor Jerome Syverton for 
the titration data obtained with HeLa cells and performed in his laboratory. 
The results were quite uniform, and they indicate that preference of any one of 
the three systems must be one of choice, since corresponding end points were 
obtained with each of the eight strains of poliomyelitis viruses included in the 
test. 

One other variable affecting measurements, particularly in titration of 
viruses, was the time of recording cell lysis. TCD50 end points scored on the 
third day were almost always one or two logs lower than end points scored on 
the seventh day. Time was of some, although comparatively less, importance 
in the behavior of most strains that had been passaged in tissue culture. If 
the inoculum contained many infectious units (e.g., 1000 TCDso) replication 
was rapid, and maximal titers, based on growth-curve data, were often reached 
24 to 36 hours after inoculation of actively growing cells. After this time 
there was a slow change downward in TCDs5o over a period of four days, indi- 
cating that, after maximal replication had been achieved, the rate of virus decay 
occurring during the period under the conditions of the experiment was quite 
slow. Results obtained in studies with two strains of poliomyelitis viruses 
appear in TABLE 2. 

Comparative studies with established strains of viruses. Another series of 
studies was made with reference pools of virus in order to compare the ID5o 
end point, using monkeys, mice, and kidney epithelial tissue cultures. The 
reference pools consisted of monkey and of mouse CNS emulsions and fluids 
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TABLE 2 


COMPARATIVE DaTA ON Four STRAINS OF POLIOMYELITIS VIRUSES TITRATED AT INTERVALS 
IN HELA AND Monkey Kipney EpirnHetiaL CELL Systems 


ies oPincvest In HeLa* In monkey kidneyt 
(hours) 
Brunhilde Brooks Brunhilde Brooks 
Original 6.0 9.0 6.0 9.0 
36 <6.0 550) 6.3 dio 
60 8.5 a) ats) 7.0 
84 iS —_ 5.6 6.5 
108 6.5 6.5 5.0 Sail 
132 6.5 — Sal n0) 
* Virus grown in HeLa cells. e 
{Virus grown in monkey kidney cells. 
TABLE 3 


ComPARATIVE ID59 END Pornt ScorES OBTAINED WITH REFERENCE POOLS OF POLIOMYELITIS 
VIRUSES IN MoNKEys, Mice, AND KipNey EpiTHeLiaAL CELL CULTURES 


IDs0 endpoint scores in 
Monkeys Mice Tissue culture 
Strain of virus 
x |Monkey| Mouse Monkey Mouse 

Monk M AKC TC TC 

CNS Bool CN S pool pool on Noe pool Sa eae pool 
Fotovich.... Soff 6.1 7.0 0 D2) 3.8 Ono Se) 8.0 
Orie es. 5 5.8 >4.5 6.0 0 5.4 4.0 6.0 8.3 6.5 
Lansing..... Inc. 4.0 .| 4.5 — 5.4 4.2 oh5 if <1.0 4.3 
VES KE ck. 4.9 5.4 6.0 — 5.8 Sj ail 6.8 8.5 6.0 

Inc. = incomplete. ‘ \ 


Based on ID50/gm. or ml. 


*Tn trypsinized monkey kidney roller tubes. 


harvested from monkey kidney epithelial cells, all infected with several strains 
of poliomyelitis viruses. A summary of the results of these studies appears in 
TABLE 3. 

The results may be considered both from observed and from certain theo- 
retical aspects. The virus reference pools, namely those derived from monkey 
CNS and mouse CNS and from tissue cultures provided infectivity titers of 
corresponding values when each was tested intracerebrally in monkeys. Tissue 
culture virus gave somewhat higher end points, but the differences are not sig- 
nificant. When the virus pools were assayed in mice, ID 59 end points obtained 
were numerically larger with mouse-adapted than with tissue culture-adapted 
virus. Assayed in monkey kidney epithelial cultures, the reference monkey 
CNS and tissue culture virus pools provided some irregular results. The data 
suggest that these two reference pools probably have equivalent end points. 
Mouse-adapted virus pools provided, with one exception, consistent and sig- 
nificant differences in ID;o scores obtained in monkeys, mice, and tissue culture. 

There was found an inverse relationship between the susceptibility of monkey 
kidney epithelial cells for mouse-adapted virus, and the susceptibility of mice 
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TABLE 4 


MINIMAL NUMBER OF PARTICLES OF THREE Type 2 STRAINS OF POLIOMYELITIS VIRUSES 
ConstituTING [D509 Units IN THREE DIFFERENT Test SYSTEMS 


Test system 


Strain of virus 


Tissue culture Mice Monkeys 
Tissue culture pool 
Q iGhtey ee eters ee 0.7 11,000 Van) 
Gage ter x se 
VESKE aceite senna 0.7 560 0.7 
Mouse CNS pool 
ichS.seusen eat 0.7 700 88 
Cota pie ar ts dae 0.7 560 (<4,400)? 
VASKG ee ee ae 0.7 350 880 
; ; Monkey CNS pool 
Potovichs sears 0.7 >2,200,000 no infectivity 4.4 
Ort See eee eer 0.7 >70,000,000 no infectivity tel 
VES Kee ice Ware Atty 0.7 no data 56 


(paralytogenic effect) to virus replicated in monkey-kidney epithelial cells. 
Expressed in a very general way, there were many more infectious units in 
infected mouse brain when assayed in tissue culture than when assayed in mice. 
Conversely, tissue culture fluids assayed in mice contained fewer infectious 
units than when assayed in tissue culture (TABLE 4). 

On the other hand, tissue culture pools titrated in monkeys and in tissue 
culture gave less variable results. As noted above, these reference virus pools 
titrated in these systems are probably equivalent. There is the suggestion 
that tissue culture is a somewhat more sensitive indicator system than monkeys 
for the presence of virus in monkey CNS tissues. Further information is re- 
quired on this point. The mouse virus pools titrated in mice and in monkeys 
provided ID 5 scores which, in ratio, were also close to unity. 

What can the observed differences mean? Are the intact neurones of the 
laboratory mouse much more refractory to demonstrable infection than kidney 
epithelial cells cultivated in vitro? Or is there a qualitative difference in an 
aggregate of the virus population fabricated in the cell substrate systems with 
which we are concerned? Unfortunately, we do not have evidence in this re- 
port to answer the queries. Previous reports, such as Theiler’s,? indicate that — 
rapid serial passage of the Lansing strain of poliomyelitis in mice has changed 
one characteristic of the virus, namely, it no longer is able to cause paralytic 
poliomyelitis in monkeys. These observations have been confirmed in my 
laboratory. At the present time, we are obtaining additional comparative 
information with plaque isolates,” but even this method has limitations in re- 
gard to strains of poliomyelitis viruses that may replicate without visual lysis 
of kidney cells; e.g., the Lansing strain of poliomyelitis virus (TABLE 3). 
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TABLE 5 


COMPARISON OF THREE TissuE CULTURE SYSTEMS IN RECOVERY OF VIRUS FROM FECES 
OBTAINED FROM HuMAN BEINGS 


Testis R.T. Kidney R.T. HeLa‘S.T. 
Clinical category 
Total %. Total % Total % 
number positive number positive number positive 
Paralytic. o woe) Ota Oe ome 16 69.0 31 81.0 28 86.0 
Nonparalytic ay 3. obbicgeseaae 8 37.0 11 54.0 8 50.0 
Familial associates........ 11 36 0 24 41.0 23 35.0 


Comparative studies on methods for detecting poliomyelitis virus. A year ago, 
we reported studies"! comparing the merit of several tissue culture systems in 
the detection of poliomyelitis virus in monkey testicular fibroblast, monkey 
kidney epithelial, and HeLa cell type cultures. Seventy stool and 40 oro- 
pharyngeal specimens were obtained from patients and their familial associ- 
ates. The results of studies made with fecal specimens appear in TABLE 5. 

Our experiences indicated that monkey kidney epithelial cell cultures not 
only gave the best over-all results but, indeed, were less capricious, and could 
be interpreted with confidence by research assistants. The evidence indicated 
that testicular fibroblast cultures often failed to detect virus when its presence 
was demonstrated in kidney epithelial or HeLa cell systems. The presence of 
virus in feces was detected with equal frequency whether kidney epithelial or 
HeLa cells were used in the indicator system. In regard to the frequency of 
the detection of poliomyelitis virus in the oropharynx, kidney epithelium ex- 
ceeded those obtained with either HeLa or testicular cultures by a ratio of 3:1. 

Thirty-three fecal samples were inoculated intracerebrally in 57 monkeys. 
Twenty-two of the samples were positive, and 11 were negative in tissue culture. 
Considering first the 22 specimens positive in tissue culture, 13 were positive 
and 9 were negative in monkeys. Considering next the 11 specimens negative 
in tissue culture, two of these were positive in monkeys. These results cannot 
be taken to mean that tissue-culture methods are more sensitive than monkeys 
for the detection of poliomyelitis virus in fecal samples obtained from human 
beings. Only one or, at most, two monkeys were used, whereas four tubes 
were inoculated with each fecal sample, thereby weighting the results in favor 
of tissue-culture methods. It is clear that tissue-culture methods, as defined, 
are as good as, if not superior to, monkeys in the detection of poliomyelitis 
virus in fecal and oropharyngeal specimens obtained from human beings. 

Comparative titration studies with unestablished strains of viruses. Some ob- 
servations suggested that monkey kidney epithelial cells may be more sus- 
ceptible to liminal amounts of native virus than HeLa cells. In order to test 
the assumption, stool samples obtained from four children, three of them ill 
with paralytic poliomyelitis and one, an apparently healthy carrier, were ti- 
trated in four test systems. 

The stool samples were prepared in a manner previously described." Serial 
fourfold dilutions were made. Each dilution was used to inoculate four tubes 
containing kidney cells derived from human beings and from rhesus monkeys. 
The three culture systems were inoculated, using the same dilution of each 
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TABLE 6 
COMPARATIVE TITRATIONS OF STOOL SPECIMENS IN TISSUE CULTURE 


IDs50 endpoints obtained in 
Source Day of illness Type Montes ee 
* : Monk : 
HeLa ST ne ki aney MIt kien 
Mi Bart coe 3rd 1 led, 2.0 1, {core 228 
B. rel soa oer: 7th 1 2.0 3.0 3.1 3.0 
DB le eee Lealthy- contact 3 1.0 4.5 4.2 3.3 
ReaD leteeecneeret 13th 3 1.0 2.8 3.0 320 


ST = stationary tube; MI = metabolic inhibition; RT = roller tube. 
* Titrations were done in the University of Minnesota, Minneapolis, Minn. 
+ From same stool sample and the same dilution of stool; four-tube test per dilution. 


TABLE 7 
COMPARISON OF SEVERAL TISSUE CULTURE SYSTEMS 
Serum DitutTion ENnp Pornts oF STANDARD ANTISERUM WITH PROTOTYPE VIRUSES 


Tissue culture system 


Virus* Antiserum 4 4 Coloe Monkeyst Micet 
Testis Kidney HeLa change 
RET: R.T. Sm kidney 
Brunhilde...... Type 1 1,600 4,600 | 1,600 | 1,600 480 —_ 
Lansing........ Type 2 | 6,400 | 25,000 | 6,400 | 5,120 | 1,280 41,600 
Saukett........ Type 3 __| 6,400 | 18,000 | 6,400 | 6,144 | 4,500 = 


* With TCDs5p 100 (range 50 to 200). 
+ Reciprocal of serum neutralization index. 


fecal extract. An aliquot of the undiluted fecal extract was titrated separately 
in HeLa epithelial cell cultures. 

The results of the tests appear in TABLE 6. The data obtained are in agree- 
ment that, within the same experimental conditions, kidney epithelial cells, 
whether derived from monkeys or human beings, provide a more sensitive end 
point indicator of virus than HeLa epithelial cells. The experimental evidence 
would suggest that the sensitivity ratio is 10 to 1,000:1. 

Comparison of tissue culture systems for antibody titrations. The method has 
been established and its usefulness determined. Any one of the methods dis- 
cussed in this paper may be employed and corresponding end points obtained. 
Comparative data on end points obtained employing standard high titer ref- 
erence monkey serum with prototype viruses representing the three known 
serologic types of poliomyelitis viruses appear in TABLE 7. The figures given 
represent the mean values obtained in several tests. 


Summary 


The studies reported here attest to the usefulness and to some of the experi- 
mental standards requisite to a systematic use of tissue culture methods in the 
study of poliomyelitis viruses. The usefulness of tissue culture methods for a 
study of many biologic characteristics of poliomyelitis virus has been discussed 
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in this conference. Its full application and the introduction of new approaches 
by its use augurs well for new and fundamental contributions. The data 
presented here have been helpful to us in the assurance that recently iso- 
lated strains of poliomyelitis viruses can be assayed in tissue culture with a re- 
liability equal to, if not better than, that achieved by older and more laborious 
methods. 

Strains of viruses adapted and passaged many times in extrahuman hosts 
(e.g., animals, embryonated eggs, or tissue culture) undergo changes in their 
biologic character. It is in regard to these strains that comparative data in 
tissue culture and in experimental animals have provided, and will continue to 
provide, essential information necessary to a further understanding of these 
changes. 
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COMPARATIVE SUSCEPTIBILITY OF TISSUE CULTURE 
CELLS IN EXPERIMENTAL ANIMALS AND MAN 


By George A. Jervis 
Research Department, New York State Department of Mental Hygiene, Letchworth Village, 
Thiells, N. Y. 


With the development of variants (or mutants) of poliomyelitis virus under 
certain experimental conditions, it has become abundantly clear that some 
variants exhibit differences in host susceptibility.'.7 The purpose of this pres- 
entation is limited to report pathological changes observed in tissue-culture 
cells, in monkeys, in rodents and, occasionally, in man, following inoculation 
with several variants of both type 1 and type 2 poliomyelitic virus. 

Methods and material. The virus variants employed in the experiments 
have been developed in a manner previously reported?” or described elsewhere 
in this monograph: * Inoculation in monkey kidney tissue cultures were 
made by conventional methods. For inoculation in monkeys, the intra- 
cerebral, intraspinal and, occasionally, the intravenous routes were followed. 
Rodents were inoculated by intracerebral and intraspinal routes. In humans, 
the oral route was used exclusively. Spinal cord and, occasionally, other parts 
of the nervous system were examined by serial sections using the Nissl method, 
after embedding in celloidin. Quantification of cellular loss in the monkey was 
obtained by a method essentially similar to that described by Bodian." For 
simplicity’s sake, however, no single percentages are reported in the tables, and 
the lesions are classified only in four types: one plus representing a total loss of 
less than 25 per cent; two pluses, a total loss between 26 and 50 per cent; three 
pluses, between 51 and 75 per cent; and four pluses, above 75 per cent. No 
attempt was made to quantify the lesions in rodents. In the human, some 20 
blocks were cut at various levels of the spinal cord, and at least 25 sections 
were examined in each block. 

Results. TABLE 1 shows the pathological changes observed with variants of 
the TN strain.” The original strain produced severe lesions in the spinal cord 
of monkey by both the intracerebral and intravenous route. In fact, in 28 
animals, the cell loss in the anterior horn was over 75 per cent. The virus 
showed cytopathogenicity in tissue culture. No pathological lesions were ob- 
served following inoculations in rodents. The adaptation of the strain to cot- 
ton rats resulted in a variant which produced abundant lesions in rodents, but 
was considerably less pathogenic for the monkey than the original strain. A 
mouse-adapted variant produced very mild pathological lesions in the monkey, 
two animals showing no cellular loss and 20 out of 22 animals less than 25 per 
cent cell loss. In almost all animals in this group, there was no clinical evidence 
of motor deficit. Cytopathogenic effect in tissue culture was obtained with 
some difficulty only after repeated passages. This mouse-adapted variant, 
when fed to humans, caused no clinical manifestations of poliomyelitis. Three 
individuals who were affected by incurable diseases died from one to two years 


after feeding of the virus. No evidence of past poliomyelitis was found on 
pathologic examination of the spinal cord. 
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TABLE 1 
PatTHOoLocic Lesion with TN Strain (TypE 2) 
a Monkeyst 
° e 
pe outs eaiire =|) Mouset ae Grail) 
EGe ES: IVa 
Ja + | 28/28 (4) 2/0 (4) | 0 ? 
Rat adapted.......... + LOMO M2) 052/22) oF ae ? 
Mouse adapted........ (+) 20/22 (1) “fb (+) | 0/3 
AKG pecotton rat... . (+) TAOS) 1/1)! 1/4 (a Gey ee ? 
TC & Swiss mouse....| (+) 2 VS (1) 0/3 ++ ? 
TC & PRI Mouse..... 0 1/24 (1) | 2/21 (1) ae 0/128 


* Monkey kidney. 

j Figures in parentheses indicate the following: (1) cell loss <25%; 
and (4) cell loss >75%. 

t Both I.C. and LS. 

§ Clinically only. 


(2) cell loss 26-50%; (3) cell loss 51-75%; 


Another variant of TN virus obtained following numerous passages through 
tissue culture and adaptation to cotton rat caused clear-cut lesions in rodents 
but showed only mild pathogenicity for monkeys by the intracerebral route. 
In fact, 42 out of 56 monkeys showed no lesions and, in 14, the total cell loss 
was less than 25 per cent. By the intraspinal route, pathogenicity was prob- 
ably higher, but only two animals were studied. Still milder lesions in the 
monkey were noted with a variant obtained through tissue cultures and adap- 
tation to Swiss mice. Only two out of 15 animals showed lesions in the spinal 
cord. The variant was apathogenic by intravenous injection. Its effect by 
the intraspinal route was not investigated. In tissue cultures, cytopathogen- 
icity was obtained only after repeated passages. The last variant listed in 
TABLE 1 resulted from tissue-culture passages and adaptation to PRI mice. 
Pathogenicity for the monkey by both the intracerebral and intraspinal route 
was minimal, lesions in the mouse were clear cut, and no cytopathogenic effect 
was noted in tissue culture. This variant was fed to 12 humans. Clinically, 
no evidence of disease was noted. 

TABLE 2 shows the pathologic changes observed with a type 2 avianized 
strain.* It may be seen that, in low chick embryo passages, the pathogenicity 
of the variant for monkey had decreased considerably as compared with the 
original strain while remaining unchanged for the mouse. Cytopathogenicity 


in tissue culture was obtained only after repeated tissue passages. Above the 
TABLE 2 
Patuotocic Lesions witH MEF1 Strain Type 2 
‘ Monkeyst a 
Variants RS Mouse (orally) 
IC: IS; LV. 
(Cini aaa aa ere +* 127/02) 1/1 t3:) ao ? 
Avian (6-40) pass...... (+) 6/10 (2) 4 ? 
Avian (62-104) pass....| 0 5/28 (1) | 2/11 (1) | 0/8 -e 0/2 


* Monkey kidney. a 
Pri ures in par athased indicate the following: (1) cell loss <25%; (2) cell loss 26-50%; and (3) cell loss 


51-75%. 
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TABLE 3 
PatHoLocic Lesions witH SM Strain (Type 1) 


ms ; ae Cotton | Human 
i co) 
Variants pee Mouset ratt | (orally) 
E.G, CS: LV: 

Oridioal . + 10/10 (4) 1/1 (4) 0 0 ? 
Rat adapted . ie ese nial 1&5), WAk (63), + + : 
Swiss mouse adapted. pelos eee LO ACL) 1 2eCh) + + ? 
PRI mouse adapted..... aa 1/96 (1) | 4/28 (1) ot 0 0/18§ 
PRI and human........ o ee 2/20 (1) | 1/1 (1) f 0) 0/28 


* Monkey kidney. 
+ Figures in parentheses indicate the following: (1) cell loss <25%; (2) cell loss 26-50%; (3) cell loss 51-75%; 
and (4) Cell loss >75%. 
t Both I.C, and LS. 
§ Clinically only. 


62 chick embryo passage, there was no cytopathogenic effect in tissue culture, 
and pathogenicity for monkey by all routes had decreased further, although 
mild lesions were still observed in about one fifth of the animals by either the 
intracerebral or the intraspinal route. The lesions in rodents remained un- 
changed. This last variant was fed to humans. No clinical signs of disease 
were noted, and two individuals who died from malignant conditions several 
months after feeding showed no pathologic evidence of past poliomyelitis. 

TABLE 3 shows pathologic lesions obtained with variants of a type 1 strain. 
The original SM strain’ showed conspicuous pathogenicity for monkeys, 10 
out of 10 animals showing severe pathologic lesions by the intracerebral route. 
The strain was pathogenic for tissue culture and failed to produce lesions in 
rodents. When adapted to cotton rats, the resulting variant produced lesions 
in rodents and exhibited cytopathogenic effect in tissue culture, while its patho- 
genicity for monkeys decreased somewhat as seen by the decrease percentage 
of cellular loss in the inoculated animals. Adaptation of the strain to Swiss 
mice resulted in a variant which was pathogenic for rodents and tissue-culture 
cells, but much less pathogenic for monkey than the rat-adapted variant. 
Adaptation of the strain to PRI mice resulted in striking changes of suscepti- 
bility for monkeys, as demonstrated by the fact that only one out of 96 monkeys 
inoculated intracerebrally showed some mild pathologic lesions while, in the 95 
remaining animals, no pathologic evidence of poliomyelitis was obtained. On 
intraspinal inoculation, however, 4 out of 28 animals exhibited poliomyelitic 
lesions, the cell loss being low (less than 25 per cent). This variant was still 
pathogenic for mice and tissue cultures. When fed to 18 human individuals, 
it caused no signs of disease. No pathologic specimen was available in this 
group of humans. The variant, when passed through the human intestinal 
canal, still preserved its characteristics of mildness, as seen by the observation 
that no monkey, out of 74, developed lesions following the intracerebral route 
and only 2, out of 20, by the intraspinal route. 

Comment. ‘The material here presented demonstrates remarkable differences 
in morphologic changes following inoculation of variants of poliomyelitic virus 
into various hosts, thus confirming from a pathologic point of view, data ob- 
tained mostly from clinical and immunologic studies. It is interesting to note 
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that no decrease of pathogenicity for kidney cells was obtained in variants of 
type 1 while, with similar techniques, variants of type 2 were obtained which 
were completely devoid of pathogenicity for kidney cells. Pathogenicity for 
the central nervous system of rodents remained present in all variants of type 
2 and rodent-adapted type 1, although, occasionally, it was limited to the intra- 
spinal route. The most extensive variations in susceptibility were obtained in 
monkeys by various routes. By the intravenous route, which was used spar- 
ingly, differences were noted among some variants in producing central nervous 
system lesions, whether because variants differ in their properties of systemic 
multiplication” or in their inherent ability to overcome the blood brain barrier, 
remains to be determined. By the intracerebral route, which was used ex- 
tensively, variants producing no lesions were observed. The possibility that 
some variants were not actually apathogenic for the central nervous system was 
supported in some instances by the observation that poliomyelitic lesions were 
occasionally produced by the intraspinal inoculation of apparently apathogenic 
variants. This finding would indicate the presence of “‘spinal variants’ as 
described by Li and Schaeffer* in rodents and, by Sabin,® in monkeys. How- 
ever, in animals in which the spread of the virus along the spinal cord was not 
sufficient to cause characteristic poliomyelitic lesions in regions removed from 
the point of inoculation, some difficulty was encountered in the interpretation 
of the pathologic changes. In fact, not infrequently, a traumatic myelitis with 
occasional secondary infection was encountered, accompanied by paralysis of 
the hind limbs, a clinico-pathologic picture which might be erroneously inter- 
preted as caused by poliomyelitis virus. 
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CELL SUSCEPTIBILITY TO VIRUSES 


By S. E. Luria 
University of Illinois, Urbana, III. 


To the outsider, the problem of cell susceptibility to poliomyelitis virus and, 
indeed, the whole of biology of poliomyelitis, appear as the geography of a 
wonderful country that has been visited mainly by hurried and harassed 
travelers, faced with immediate problems of survival. Recently, as the con- 
ference on which this monograph is based has proved, the need for real ex- 
ploration has been recognized. At the same time, although probably not by 
coincidence, techniques have become available that will make this exploration 
possible. Most of our knowledge of susceptibility to poliovirus, as illustrated 
by the preceding papers, has been gained from studies of susceptibility of vari- 
ous organisms, or of cultures of various tissues from the same organism or from 
different organisms. It would be presumptuous for an outsider to attempt a 
true review of this subject. ‘I shall limit myself, instead, to a discussion of 
methodological and analogical approaches to the study of cell susceptibility in 
poliomyelitis. 

Poliovirus is a cytopathogenic virus, whose typical, although probably not 
exclusive interaction with host cells, is destructive. Latency or reservoir hosts 
have not yet been recognized, although work on some of the variant strains 
may well reveal some such situations. Thus, the observational aspects of our 
problem are rather simple. Cell susceptibility can be detected either by cell 
damage or by production of virus (or possibly, by production of some virus spe- 
cific antigen). It is clear that both types of observation are required in any 
study of cell susceptibility, since both noncytopathogenic and sterile, non- 
reproducing virus variants appear to exist. 

The outcome of virus-host cell interaction will generally depend on three 
factors: the virus, the host cell, and the environment. We shall discuss these 
factors one at a time. 


The Virus 


The role of the virus is evident in the many reports of strains differing in 
cytopathogenicity and in affinity for various hosts and tissues. Differences in 
the type of cell damage evoked by virus may underlie the differences, reported 
elsewhere in this monograph by Dulbecco and Vogt, between plaque types 
produced by virus mutants in tissue cultures. Strain differences may arise by 
various mechanisms, the models for which are provided by bacterial viruses. 

First, we have permanent, hereditary virus mutations. Until recently, these 
appeared to be produced exclusively by intrinsic changes in virus heredity. 
But the discovery of phage mutation occurring in irradiated host cells! indicates 
that virus mutations may result from still obscure interactions between the 
genomes of the virus and of the host. Analysis of virus growth and mutation 
in cell suspensions may permit similar studies with polio virus. 

Second, we may have host-induced virus modifications In phage, these 
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are observed as mass changes in the host-range of a virus, which are controlled 
by the last host cell where the virus has grown. For example, a virus may have 
two hosts, A and B. Virus grown in host cells A may be able to infect and to 
grow in all cells A and all cells B; but virus grown on host B may multiply on 
all cells B and only on one out of 10° cells A. In phage, these changes are 
immediately reversible after one single intracellular growth cycle in either type 
of host cells. Such host control of the growth ability of a virus could play a 
role in determining tissue and host affinities of animal viruses. Most published 
work on adaptation of neurotropic viruses neither suggests nor excludes the 
existence of such reversible adaptations. 

Clearly, the problem mentioned by Kibrick and others elsewhere in this 
monograph, as to whether the different titers of a virus preparation in differ- 
ent hosts reflect presence of mutants, continuous spectra of cell affinity, or 
variable but uniform probabilities of successful infection, is very relevant to the 
understanding of differences in host affinity. Studies of the titers and the sta- 
tistical distributions of infective units of virus passed back and forth between 
different host tissues, preferably in single growth cycles, should prove very 
fruitful. 


The Environment 


Let us discuss next the role of the environment. This is meant to include 
all factors external to the virus and to the host cell. In virus infection of an 
animal, the environment includes the variety of organs, tissues, and circulat- 
ing fluids that affect directly or indirectly, by mechanical or chemical means, 
the outcome of virus-cell interaction. The importance of barriers is well ap- 
preciated by students of poliomyelitis. More subtle environmental effects 
are revealed by studies such as those reported by Kaplan on monkey kidney, 
where differences are observed between the susceptibility of an organ and of 
cells from the same organ cultivated 7 vitro. 

In some situations, the influence of the internal environment on susceptibility 
may be trivial in mechanism as, é.g., the role of high body temperature in pre- 
venting influenza infection of chickens.’ In other situations, humoral controls 
may affect cell or tissue susceptibility. Of these, the serological ones are the 
best understood. Hormonal controls, indicated by studies such as those re- 
ported here by Shwartzman and his co-workers, may be further elucidated by 
continued comparative studies of virus growth in tissue cultures, isolated or- 
gans, and intact animals. Ree mere 

Another aspect of environmental effects is worth emphasizing, since it has 
probably not been appreciated sufficiently. This concerns the profound effects 
that the artificial chemical environment may have on virus infection in tissue 
cultures. The medium may control adsorption, reproduction, and release of 
virus. On the one hand, we may expect that a medium optimal for the growth 
of cultured cells may not be optimal for the growth of virus. On the other 
hand, a medium may favor virus growth in one strain of host cells and may in- 
hibit it in a different cell strain. Just as nutritional and metabolic studies on 
bacteria have proved crucial to the study of bacterial viruses, studies on the 
nutrition and metabolism of pure lines of mammalian cells, such as those now 


854 Annals New York Academy of Sciences 


in progress in Eagle’s laboratory at Bethesda, Md., will prove crucial for 
animal virology. Here, of course, we are at the borderline between what we 
may legitimately consider as the role of the environment and what constitutes 
our next and last topic, the role of the host cell itself. 


The Host Cell 


The role of the host cell is to be viewed in the light of our present conception 
of virus-cell interaction, as the performance of a joint task by an integrated 
functional system. We do consider the host cell, not as a grazing ground, but 
as a factory in which the virus introduces an additional, often dominant blue- 
print. The suitability or unsuitability of the cell factory for the required task 
may depend on a number of causes, and may express itself in a variety of mech- 
anisms. 

Causes of differences in susceptibility. The differences in the aptitude of 
various cells to be host to a virus may be genetic, reflecting species, strain, and 
individual differences, or they may be developmental, as among various tis- 
sues and organs. Any distinction between the two categories can hardly be 
more than descriptive so long as the metabolic and genetic events of differentia- 
tion remain one of the most obscure areas of biology. Age differences in virus 
susceptibility may reflect developmental changes in cell susceptibility, as well 
as changes in internal environment. Simpler cases for study may be provided 
by phenomena such as the different responses of chorionic and allantoic epithelia 
to influenza viruses.’ Even better material for study may be provided by 
changes occurring in cultured cell strains. A classic example is that of a strain 
of rat fibroblasts that acquired susceptibility to eastern equine encephalomye- 
litis virus.° The change in HeLa cell discussed here by Scherer may have been 
another example, but delays in analyzing this observation apparently robbed it 
of some of its potential interest. 

If I may extrapolate once more from the field of bacteriophage, I am inclined 
to predict that the study of the virus susceptiblity of closely related strains of 
cultured cells, in addition to its own significance for virology, may well do for 
cell differentiation what the study of susceptibility to phage did for bacterial 
variation, not only by providing tools for analysis, but also by stimulating in- 
terest and support for the study of developmental cell physiology. 

Another cause of differences in cell susceptibility may be acquired immunity. 
Although tissue-culture work has shown that the tissues of hyperimmunized 
animals are usually still sensitive to virus, interference phenomena, as well as — 
earlier observations, provide examples of acquired cellular resistance. Al- 
though protection by interference is often of brief duration, probably lasting 
only until unprotected cells again become available, the possibility of more per- 
manent cell protection by more or less latent virus infections is indicated by 
work on plant viruses and, especially, by work on lysogenic bacteria. We 
know now that prophages, as permanent inhabitants of the chromosomes of 
lysogenic bacteria, not only confer immunity against reinfection by related 
phages, but can interfere specifically with the reproduction of unrelated ones. 
Indeed, the lysogenic host cell may not only fail to support reproduction of the 
new phage, but may even fail to be at all damaged by phages that would kill 
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related, nonlysogenic cells outright, by the very act of attachment (S. Leder- 
berg, unpublished results). Thus, a latent virus can interfere with both the 
multiplication and the cytopathogenicity of completely unrelated viruses. 

Mechanisms of differences in susceptibility. Differences in cell susceptibility 
may manifest themselves at any of the stages of virus-host interaction. The 
stage may be the attachment of virus. Kaplan’s findings with susceptible and 
resistant kidney cells from various species of monkeys illustrate this possi- 
bility. Differences in later stages of interaction may appear as differences 
either in virus yield or in the time required for virus production. Extreme 
cases are those of sterile mutants, which produce abortive infections with or 
without cell destruction. An abortive infection with cell destruction may lead 
to immunity by hypersensitivity, as in the cases of plants that localize viruses 
by a circumscribed necrotic response. With bacterial viruses, we recognize 
(or can artificially produce) abortive infections without any reproduction of 
viral material, abortive infections with failure to synthesize viral protein, and 
abortive infections with failure to assemble mature virus. The observations 
of Dulbecco and Vogt on infection of single cells provide a recognizable relation 
between visible cell lesions and virus liberation. This finding may make it 
possible to classify stages in the intracellular development of poliovirus and to 
decide at which stage an abortive infection is arrested. Incidentally, chemo- 
therapeutic programs may profit from a conscious search for agents that in- 
terfere selectively with specific stages of virus-host interaction. 

A final word on the possibility that abortive infection may be simulated by 
a special form of the host-induced modifications discussed earlier in this paper.” 
With some phages, we find that a certain host bacterium X produces, in place 
of normal virus, a full yield of a new virus type that is unable to grow in cells 
of strain X or of any of its relatives, but that still grows on other hosts, for 
example on Y. In ¥ cells, this virus again gives rise to perfectly normal virus, 
capable of growing on either X or Y. In this case, mass infection of strain X 
fails because of the host-imposed change on the virus, which represents, in a 
sense, a self-protection mechanism on the part of the host. Phenomena of 
this kind might play a role in restricting virus reproduction and in determin- 
ing the pathology and epidemiology of virus diseases. 


References 


1. WeicLE, J. 1953. Induction of mutations in a bacterial virus. Proc. Natl. Acad. Sci. 
U.S. 39: 628. : ‘ : : 
. Luria, S$. E. 1953. Host induced modifications of viruses. Cold Spring Harbor Symp. 
Quant. Biol. 18: 237. ‘ . ; : peas 
. Enpers, J. F. & H. E. Pearson. 1941. Resistance of chicks to infection with influenza 
A virus. Proc. Soc. Exptl. Biol. Med. 48: 143. are 
. Franky, A. E., D. Duncan, W. Woop & A. J. RuopeEs. 1953. Cultivation of polio- 
myelitis virus in tissue culture. IV. Further observations with a synthetic nutrient 
medium. Can. J. Med. Sci. 31: 64. ; piavll scadi : 
5. Futton, F. & A. Isaacs. 1953. Influenza virus multiplication in the chick chorioallan- 
toic membrane. J. Gen. Microbiol. 9: 119. hs 
6. Bane, F. B. & G. O. Gey. 1952. Comparative susceptibility of cultured cell strains to 
the virus of eastern equine encephalomyelitis. Bull. Johns Hopkins Hosp. 91: 427. 


-P Ww bd 


PREVIOUS TONSILLECTOMY AND CURRENT PREGNANCY 
AS THEY AFFECT RISK OF POLIOMYELITIS ATTACK 


By Ralph S. Paffenbarger, Jr., and Viktor O. Wilson 


National Microbiological Institute, National Institutes of Health, United States Public 
Health Service, Bethesda, Md.,; and Rochester-Olmsted County Healih Unit, 
Rochester, Minn. 


Most humans acquire immunity to poliomyelitis through unapparent infec- 
tions, while relatively few develop recognizable disease. This directs interest 
to those factors of host and parasite that may convert an otherwise subclinical 
infection or abortive attack into nonparalytic or paralytic illness. Major 
attention in this report is given to two independent host variables, previous 
tonsillectomy and current pregnancy, as they affect risk of poliomyelitis attack. 
All data pertain to an outbreak in Olmsted County, Minnesota, 1952, when 215 
cases occurred among 49,000 residents, an attack rate of 436 per 100,000. A 
striking number of adults was involved, one fourth of the cases being 20 years 
of age or older. Type 1 virus was the predominant if not the only virus type 
active, as evidenced by antibody determinations on serums of 98 child house- 
hold contacts of cases. More detailed epidemiologic and laboratory aspects 
are described elsewhere.!: ” 

The high attack rate in adults, coupled with evidence implicating a single 
virus type, makes this outbreak especially suitable for study of the provoking 
effects of factors prevalent in older age classes. 


Materials and Methods 


Epidemiologic and clinical data on cases and their contacts were obtained 
during the progress of the outbreak, from July through November, 1952. Data 
on tonsillectomy, pregnancy, and other potential provoking factors were ob- 
tained in the summer and fall of 1954. 

Observations recorded here are based on clinical cases examined by both 
physicians and physical therapists and reported to health authorities. Both 
paralytic and nonparalytic cases are considered, the latter comprising one fifth 
of total cases. 

Definition of terms. Paralytic poliomyelitis was defined as an acute febrile 
illness with signs of central nervous system involvement and demonstrated loss 
of muscle power due to paralysis, apart from muscle stiffness. Bulbar cases 
consist of all patients with involvement of cranial nerve nuclei or vital centers — 
in the brain stem, and happen to include all fatal cases. Spinal cases, mutually 
exclusive of bulbar cases, include all other paralytic forms. Nonparalytic 
poliomyelitis was defined as an acute febrile illness with central nervous system 
signs including muscle stiffness and abnormal cerebrospinal fluid findings de- 
tected during the acute or convalescent stage of illness (nonbulbar poliomyelitis 
refers to patients with either spinal or nonparalytic disease). These defini- — 
tions consider muscle evaluations performed between the sixth and ninth month 
after onset of illness as distinct from definitions in prior reports on this out- 
break,':* which dealt only with hospital discharge diagnoses. This change in 
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definitions has shifted 8 of 54 cases previously diagnosed as nonparalytic into 
paralytic categories. 

In studies reported elsewhere,” child household contacts of recognized para- 
lytic and nonparalytic cases were bled as soon as possible after the index 
case occurred and, one month later, to determine frequency of viremia and 
specific antibody response. Histories of illness were obtained that covered the 
period of one month before, to one month after, the date of first bleeding. 
Those children who acquired type 1 antibody, or who had high levels of such 
antibody in first serums, and who gave history of minor febrile illness, were arbi- 
trarily considered cases of abortive poliomyelitis. Children with similar type 
1 antibody patterns, but without such history of febrile illness, were classified 
as subclinical poliomyelitis infections. 

Contact is defined as personal association between a poliomyelitis case and 
another individual in a home or on home premises at any time in the week 
surrounding the date of onset of the case. Attack rates of poliomyelitis were 
twice as high in individuals with such contact (‘‘contacts”’) as in the remainder 
of the population.' 

Tonsillectomy refers to surgical removal of palatine (faucial) tonsils with or 
without excision of adenoids. No poliomyelitis case or associate underwent 
tonsillectomy within two months prior to illness or contact. 

Differences in groups being compared, as measured by statistical analyses, 
are considered significant at a probability level of .05. 

Contact studies. Prospective studies in 1952 had shown that 3,752 individuals 
were in contact with a poliomyelitis case under the criteria defined. Fifty of 
these contacts subsequently developed the disease. Contacts without recog- 
nizable poliomyelitis represent a favorable group for comparison with the 215 
cases in the outbreak since they were at great risk of infection.” Thus fre- 
quencies of tonsillectomy, pregnancy, and other factors were determined, in 
1954, as they pertained to case and contact groups in 1952. Return mail 
questionnaires were sent to the head of households in case and contact groups 
after current home addresses were established. After five months, and after 
second and third questionnaires in some instances, information was received 
for all cases and nearly 85 per cent of contacts. Through telephone calls and 
home visits, data were obtained for all other contacts still living in the Olmsted 
County area. All told, adequate information was received for 3,297 (89 per 
cent) of the 3,702 contacts without poliomyelitis. No significant difference in 


_ frequency of tonsillectomy or pregnancy existed between those who responded 
’ to original mail questionnaires, follow-up letters, telephone calls, or home visits. 


This fact supports the assumption that the 405 contacts who could not be 


‘ reached did not differ from the remainder. These 405 were excluded from the 


study. 
Survey studies. Frequency of tonsillectomy in the population-at-large was 


estimated, in 1954, by questioning 588 individuals randomly selected from an 
Olmsted County directory that contained namesand addresses of all adult county 
residents. Telephone calls and home visits provided data on individuals in the 
random sample and members of their families. Information usually was given 
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by the head of the household or the spouse. Where information was incom- 
plete or indefinite, repeat calls or visits were made. nk 

Data secured in survey studies pertained to the tonsil status of 2,184 indi- 
viduals in the fall of 1954. Age distributions of this sample were checked 
against 1950 decennial census estimates, a test of randomness, and found to 
match nicely. Records revealed no significant change in frequency of tonsil- 
lectomies done in local hospitals since 1950, except for discontinuance of the 
procedure during the 1952 outbreak. Therefore it seems logical that tonsil 
status established by survey studies in 1954 approximated the picture of 1952. 

Pregnancy and population estimates. Since information on pregnancy 
gathered through contact studies was meager, additional data were sought to 
compare attack rates in pregnant females with rates in nonpregnant females 
and males of comparable age. Estimates of the number of women who were 
pregnant during the five-month period of epidemicity were made by adding a 
factor of 30 per cent to the number of live and stillbirths recorded in the county 
from July 1952, through August 1953. Use of this factor makes liberal allow- 
ance for the estimated number of abortions per 100 births.*: * 

Decennial census data (1950) permitted distributions by sex and marital 
status, and provided a code for grouping individuals according to occupation 
of the head of household. These groups crudely measure cultural, economic, 
and environmental factors, and are identified as: (1) professional and mana- 
gerial, (2) clerical and skilled, (3) semiskilled and unskilled, and (4) farm groups. 


Tonsillectomy and Poliomyelitis Attack 


Numerous studies indicate that removal of tonsils within the period recog- 
nized as the maximum incubation period of poliomyelitis (approximately 30 
days) increases the incidence, and predisposes to the bulbar form of disease.‘ 
Other studies have shown association between removal of tonsils, at any prior 
time, and predisposition to the bulbar form in those who develop the disease.” 
This report describes association between tonsillectomy, done more than two 
months previously, and increased risk of attack. 

TABLE 1 compares frequencies of tonsillectomy among various groups in 
Olmsted County. Sixty-six (31 per cent) of the 215 poliomyelitis cases had 
undergone tonsillectomy as compared to age-adjusted frequencies of 23 per 
cent in contacts without the disease, and 22 per cent in a randomly selected 
survey population. Significant differences hold by age except in the 0- to 4- 
year-age class where tonsils are not often removed. This greater frequency in 
cases shows association between prior tonsillectomy and increased incidence of 
poliomyelitis. Also, it infers a greater risk of contracting the disease to in- 
dividuals who have had tonsils removed. 

Greater significance attaches to these differences when various factors known 
to influence frequency of tonsillectomy are considered. Males, for example, 
are more apt to have had tonsils removed than females.!® Similar proportions 
of case, contact, and survey groups in Olmsted C ounty, however, were males, so 
sex differences do not bias these findings. Also, economic, cultural, and en- 
vironmental factors may influence the feasibility and popularity of tonsil- 
lectomy.'*:!®§ Review of questionnaires in this study readily showed that 
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TABLE 1 


COMPARISON OF THE I REQUENCY OF PRIOR T ONSILLECTOMY AMONG POLIOM YELITIS CASES 
’ 
NONCASE CONTACTS, AND A SURVEY POPULATION, OLMs TED County, Minn. 


Poliomyelitis cases Contacts without poliomyelitis Survey population 

With 1 ; With 
Age (years) tonsillectomy With tonsillectomy tonsillectomy 

Number |————————_| Number |——————————_| Number 

INamnber Per Per Per 
Xt: Number sent Number eenit 
0-4 67 2 3 576 19 3 236 3 1 
5-14 80 26 32 813 185 23 422 93 Mb 
15-24 21 12 57 336 ly 35 349 149 43 
25+ 47 26 55 1572 703 45 Ey 497 42 
Totals 215 66 31 3,297 1,024 31 2,184 742 34 
Age-adjusted frequency of tonsillectomy in per cent.f 23 DD, 


* Defined in text. 
+ Adjusted to number of poliomyelitis cases. 


certain social classes were more apt to have had tonsils removed than others. 
Since these factors could belie a presumed relationship, a need for unmasking 
such inherent biases becomes obvious. 

Using occupation of the head of household as an index of cultural, economic, 
and related attributes, frequencies of tonsillectomy were recomputed (TABLE 2). 
Poliomyelitis cases in each occupational aggregation experienced tonsillectomy 
more often than either contact or survey groups. Differencies are pronounced 
in professional and managerial, semiskilled and unskilled, and farm groups, 
and are significant in all but clerical and skilled workers where the trend is in 
the same direction. Hence these attributes introduce no significant bias. 
Rather, the findings fit the hypothesis of association between prior tonsillec- 
tomy and increased risk of poliomyelitis attack. 

Selection of effect. Foregoing findings raise the question: Does prior tonsil- 
lectomy actually convert subclinical and abortive infections into recognizable 
poliomyelitis, and shift patients along a gradient of illness, or is increased 
attack limited to certain forms of disease? TABLE 3 offers data on this point 
by comparing frequencies of tonsillectomy among cases and other groups. No 
significant differences exist among spinal and nonparalytic poliomyelitis cases, 
contacts, and the survey population where age-adjusted frequencies approxi- 
mate 25 per cent. But the proportion of bulbar cases with history of previous 
tonsillectomy is significantly higher at 48 per cent. 

Further, it was possible to study frequencies of tonsillectomy in a small series 
of subclinical and abortive cases, as defined, who were 0 to 14 years of age. 
TABLE 4 compares frequencies among (1) these cases, (2) recognizable forms of 
poliomyelitis, (3) contacts, and (4) the survey population of comparable age. 
Eighteen (43 per cent) of 42 bulbar cases had undergone tonsillectomy, as con- 
trasted with age-corrected frequencies of 10 to 16 per cent in other categories. 
Also, 3 of the 4 fatal cases in these age classes had had tonsils removed. These 
data, along with those of TABLE 3, indicate that the increased incidence of polio- 
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TABLE 2 
COMPARISON OF THE FREQUENCY OF PRIOR TONSILLECTOMY AMONG POLIOMYELITIS CASES, 
" NONCASE ConTACTS, AND A SURVEY POPULATION, BY OccuUPATION OF HEAD 
oF HOUSEHOLD 


= 


Poliomyelitis cases Cone eiuea Survey population 
With ton- With ton- With ton- 
0 fonal grours sillectomy sillectomy sillectomy 
ccupational g 
Number . we Number e 3a Number i ye 
Shee Soles Slee 
o> 2o £ 29 
5 |2* Ee ets BEE 
Professional and managerial...... 59 28 | 47 TEMP 319 | 39 488 240 | 36 
Clevicaland skilled. . . te ea 5S: uy |) 27/ 993 316 | 24 667 257 25 
Semiskilled and unskilled........| 52 12S 813 198 | 14 476 12275 \et 
| SESW ih a Banks eet ae ANd «Ps orae acnE 49 i || or 779 191 | 14 553 123°} #5 


* Age-adjusted to number of poliomyelitis cases, by occupational groups. 


TABLE 3 


FREQUENCIES OF PRIOR TONSILLECTOMY AMONG THE GRADIENT OF POLIOMYELITIS CASES, 
NoncasE CONTACTS, AND A SURVEY POPULATION 


Individuals 
Categories With tonsillectomy 
Total number ; 
Number Per cent peng: 

Poliomyelitis cases: 

Bulbar (or bulbospinal)............... 66 32 48 

SpinalialonGayn ins cos nomena sence cee 103 24 23 27 

Nonparalyticue: cenctas cite -cetetons areene 46 10 22 28 
Contacts without poliomyelitis.......... 3,297 1,024 31 25 
HUSVey POPU la (LO Lie eee eee 2,184 742 344 


* Age-adjusted to number of bulbar poliomyelitis cases. 


myelitis associated with prior tonsillectomy was focused to an excess of bulbar 
involvement and its rather frequent consequence of fatal outcome. They 
also suggest that tonsillectomy, or those factors and clinical conditions which 
incite it, tended to convert unrecognizable and nonbulbar poliomyelitis into 
bulbar disease, rather than to shift cases along the axis of severity. 

Quantitative aspects. The significance of increased incidence following tonsil- 
lectomy awaits quantitative description of the effect. Starting with frequencies 
of tonsillectomy in the survey population, estimates were made of the number 
of county residents who had and who had not undergone this operation, thus 
permitting comparison of attacks in these two groups. Sixty-six of an esti- 
mated 16,900 residents who had experienced tonsillectomy contracted polio- 
myelitis, an attack rate of 390 per 100,000. This contrasts with 149 cases in 
32,400 nontonsillectomized individuals, an age-adjusted rate of 226. 

Rates of bulbar attack and death, standardized for age differences, were even 
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TABLE 4 


ea Ncws OF PRIOR TONSILLECTOMY AMONG THE GRADIENT OF POLIOMVELITIS CASES, 
ONCASE CONTACTS, AND A SURVEY PopuLATION, AGED 0 To 14 YEARS 


Individuals aged 0 to 14 years 
Categories With tonsillectomy 
Total number 
Number Per cent Adjusted 
per centf 
Poliomyelitis cases: 
Bulbar (or bulbospinal)................ 42 18 43 
ES OMPCMIBA OMG ed orectere c)s.2 4 gee cee foseaovois 70 6 9 13 
SSM ANCUV AC ete cence a ecg Geers ye oe 35 4 11 14 
Presumed abortive cases*............... 51 4 8 10 
Presumed subclinical cases*............. 41 3 7 11 
Contacts without poliomyelitis............ 1,389 204 15 16 
Biraveyepopulation... -se<. 20. ..c we cee ees 658 96 15 1S) 


* Defined in text. 
+ Age-adjusted to number of bulbar cases. 


more striking. In the tonsillectomized population, the attack rate of bulbar 
disease was 189 per 100,000 and the mortality rate 41 per 100,000. Correspond- 
ing rates in the nontonsillectomized population were 63 and 24. 

In other words, there were 32 bulbar cases, 7 of whom died, in the population 
ot Olmsted County that were estimated to have experienced tonsillectomy. 
This contrasts with the expected number of 11 bulbar cases, with 4 fatalities, if 
rates in the nontonsillectomized populace pertained. So the tonsillectomized 
population contributed the excess 21 cases, with 3 deaths. 

Tonsillectomy and bulbar poliomyelitis. In a comprehensive report on 2,699 
cases from the state of Minnesota, 1946, Anderson and Rondeau" have shown 
association between prior tonsillectomy and predisposition to the bulbar form 
in individuals developing recognizable poliomyelitis. This association per- 
sisted when correction was made for age, sex, and the average number of per- 
sons per room in the place of residence. (The latter factor measures economic 
and related standards). 

In the Olmsted County outbreak, half again as many bulbar (48 per cent) 
as nonbulbar cases (27 per cent) had undergone tonsillectomy (TABLE 3) 
These data represent a much smaller experience than that of Anderson and 
Rondeau, but offer opportunity to examine such factors capable of biasing ob- 
observations as (1) changing virulence of virus, and (2) human economic and 
cultural patterns. 

For instance, a rather prominent shift from younger to older cases was noted 
as the outbreak progressed.' Since adults are more apt to have experienced 

tonsillectomy than children, any chronological increase in virulence of the in- 
fectious agent would increase the proportion of bulbar and fatal cases at a time 
when adults were developing the disease. The predisposing cause of bulbar 
disease, in such circumstance, would be enhanced virulence of virus rather than 
tonsillectomy. Data in TABLE 5 bear on virulence as measured by clinical 
forms of poliomyelitis in four successive periods corresponding to intervals when 
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TABLE 5 


CHRONOLOGICAL DISTRIBUTION OF POLIOMYELITIS CASES INTO CASE-QUARTILES* BY CLINICAL 
Forms OF DISEASE 


| Poliomyelitis cases 
Age in years Totals 
Case-quartiles 1952 Type disease 
Ex- 
a4, | 544°] "as ] No, ee oe j 
centt 

1 Nonparalytic 4 3 0 7 13 Me! 
July 4-31 Spinal alone el, 10 4 31 57 50 
5 Bulbar and fatal 5 5 6 16 30 28 

Totals 26 18 10 54 
2 Nonparalytic 3 fi 2 12 22, Ze 
Aug. 1-16 Spinal alone 8 8 5 21 38 47 
Bulbar and fatal 5 12 5 22 40 31 

Totals 16 27 12 55 
F 3 Nonparalytic 5 7 3 15 28 21 
Aug. 17-Sept. 10 Spinal alone 11 5 11 27 51 49 
Bulbar and fatal 0 4 if 11 21 30 

Totals 16 16 Zl 53 
4 Nonparalytic 2 4 6 12 23 Jn 
Sept. 11—Nov. 26 Spinal alone 3 8 13 24 45 46 
Bulbar and fatal 4 7 6 17 32 33 

Totals 9 19 25 53 


ig Total c: cases 2s apportioned into sequential quarters according to dates of onset. 


+ Expected per cent when frequencies of clinical types of poliomyelitis are made specific for age distributions 
in the total outbreak. 


equal numbers of cases had onset of disease (case-quartiles). Results are simi- 
lar when cases are distributed by dates of onset in equal quarters of time (time- 
quartiles). 

Considerable variation existed by specific age classes among case-quartiles. 
For example, a larger proportion of bulbar cases aged 5 to 14 years developed 
in the second quartile than in prior or subsequent periods. Also, decreasing 
proportions of bulbar cases over 14 years of age occurred in sequential quartiles. | 
The indirect effect of the latter is to reduce the difference in frequency of ton- 
sillectomy between bulbar and nonbulbar cases. In general, however, there 
was no consistent chronological trend in clinical forms of poliomyelitis. Too, 
no differences were observed in percentages of cases, specific for age and case- 
quartiles, having residual muscle weakness six to nine months after onset of 
illness. Thus, these data tend to dispel the possibilities that (1) virulence of — 
virus increased with progress of the outbreak, and (2) bulbar disease was re- 
lated to such an increase. And they strengthen the hypothesis of relationship 
between tonsillectomy and bulbar poliomyelitis. 

As in study of the long-term effect of tonsillectomy on incidence of polio- 
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TABLE 6 


PROPORTIONS OF BULBAR AND NONBULBAR POLIOMYELITIS CASES witH HtsToRY OF PRIOR 
TONSILLECTOMY, BY OCCUPATION OF HEAD oF HousEHOLD 


Bulbar cases Nonbulbar cases 
With tonsillectomy With tonsillectomy 
Occupational groups 
Number 4 4 Ex. |Number| « = Ad- 
2 8 pected 4 8 | Justed 
=} 5 No.* I LF DEE 
Z| e Z| & | centt 
Professional and managerial...........| 17 GL os! th) 42 |17 | 40) 47 
Mlemeahand skilled. 05.66. eens 13 6) 46) 5.2 42 9 | 21 40 
Semiskilled and unskilled.............. 21 9 | 43 1.4 31 3 | 10 7 
OETTL. .. Jang eee eee 15 6 | 40 2.8 34 Salet'S 19 


* Expected number if frequency of tonsillectomy in nonbulbar cases had prevailed by specific age and occu- 
pational groups. 
+ Age-adjusted to number of bulbar cases. 


myelitis, the association between tonsillectomy and bulbar disease is supported 
by taking account of cultural and related factors. This is done in TABLE 6, 
which contrasts, by occupational groups, proportions of bulbar cases with his- 
tory of tonsillectomy, with proportions of such instance in nonbulbar cases. 
Age-adjusted frequencies were higher for bulbar cases in all occupational cate- 
gories, thus indicating that factors related to choice of occupation do not alter 
the association observed. 

Other provoking factors. Intramuscular inoculation of antigens, well estab- 
lished as predisposing to localization of paralysis when given within the month 
prior to onset,” and less well established as increasing incidence” can be elimi- 
nated as a potential bias in this study. Only three patients received immuniz- 
ing antigens in the month before poliomyelitis (two without history of tonsil- 
lectomy), so this factor could have had little influence. Moreover, routine 
immunization procedures were discontinued by local physicians during the en- 
tire period of epidemicity. Also, patients known to have received penicillin 
parenterally in the initial days of illness, were distributed equally between 
tonsillectomized and nontonsillectomized groups in proportions of 9 and 8 per 
cent. 

As will be shown later, similar proportions of pregnant and age-comparable 
nonpregnant cases had experienced previous tonsillectomy, so the provoking 
effect of pregnancy does not influence these data. 


Pregnancy and Poliomyelitis 


Using a questionnaire approach and the best estimates available, Anderson 
et al2* have shown an increased risk of poliomyelitis attack during pregnancy, 
over the risk observed in nonpregnant married women of comparableage. This 
report describes somewhat similar observations and compares various attributes 
that influence attack, taking due notice of the mechanism of transmission, 
namely personal contact with cases and with children, who were especially prone 


to spread the disease.':” 
TABLE 7 shows that six (7 per cent) of 89 pregnant women who were per- 
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TABLE 7 


COMPARISON OF ATTACK RATES IN PREGNANT AND NONPREGNANT FEMALE CONTACTS OF 
POLIOMYELITIS CASES 


Pregnant contacts Nonpregnant female contacts 
Age (years) Polio- Attack Ex Polio- | Attack 
r ve pected Numb lit t 
Number | myelitis | rate | | Sefaeses | Namber | mycltis| oat 
15-24 27 1 4 0.5 176 8) 2 
3 50 4 8 1.0 290 4 1 
25-34 
35-44 12 1 8 0 185 0 0 
Totals 89 6 tf 155 651 7 1 
‘ (Gls) ee 1 
Age-adjusted attack rate 80) in per centt 
\ 


* Expected cases if attack rates in nonpregnant female contacts had prevailed. 
+ Adjusted to number of pregnant contacts. 


sonally associated with previous cases of poliomyelitis, as defined, developed 
the disease. This compares with seven (1 per cent) of 651 nonpregnant females 
in childbearing age classes who were in similar contact with a case. Age- 
adjustment does not alter the difference. 

Equal proportions of women (75 per cent) in each population came from 
households with one or more children under 15 years of age, and average family 
sizes were similar. The importance of the latter observation lies in the fact 
that children were chiefly responsible for the introduction of poliomyelitic 
infection and disease into households.!:? Since such comparability reigns be- 
tween populations of pregnant and nonpregnant contacts of cases, it is logical 
to conclude that the difference in attack between these populations indicates 
direct association between pregnancy and incidence of poliomyelitis. 

Estimates from decennial census figures and from birth records for Olmsted 
County provided data on pregnancy and marital status for residents in child- 
bearing age classes (15 to 44 years). These estimates, which showed an excess 
of married women over married men that balanced out only in age classes 
beyond 44 years, permit measurement of pregnancy as a provoking factor of 
poliomyelitis. TABLE 8 shows that 18 of an estimated 2,000 married females 
who were pregnant at some time during the outbreak developed the disease, 
an attack rate of 0.9 per cent. Contrasted with this, 17 of 5,700 nonpregnant 
married females and 19 of 5,700 married males contracted poliomyelitis, age- 
adjusted rates of 0.4 per cent. Further, six nonmarried female and the same 
number of nonmarried male cases occurred in their respective populations, age- 
adjusted rates of 0.1 and 0.2 per cent. These data agree with findings in the 
smaller number of female contacts of cases. 

Other differentiating factors must be considered before accepting the in- 
creased poliomyelitis incidence as due to the gravid state. Adjustments, for 
example, must be made for differences in exposure to recognized sources of in- 
fection, and for tonsillectomy, which was associated with increased risk of at- 
tack. Comparability of groups under study is suggested in TABLE 9, which 
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TABLE 8 


COMPARISON OF POLIOMYELITIS ATTACK RATES IN MARRIED FEMALES OF 
CHILDBEARING AGES AND AGE-COMPARABLE MARRIED MALES 


Married females Married males 
Age Pregnant | Nonpregnant 

(years) Attack 
ttact IN eeyel Population |Cases| rate 

Population |Cases} rate | Population |Cases rate (gee Caan 

per cent per cent 

15-24 695 9 13 897 2 0.2 495 1 0.2 
25-34 1,076 8 Oa 2203 14 0.6 2,710 13 0.5 
35-44 255 i ae! 2,640 1 <0.1 Dh SH 5 0.2 
Totals 2,026 18 0.9 5,740 17 0.3 5), EP 19 0.3 
Age-adjusted attack rate per cent.* 0.4 0.4 


* Adjusted to pregnant population. 


TABLE 9 


COMPARISON OF VARIOUS ATTRIBUTES IN MARRIED FEMALE AND MARRIED MALE 
POLIOMYELITIS CAsES AGED 15 To 44 YEARS 


Married female cases Married male cases 
sib ucee Pregnant Nonpregnant 
Number ary 
Number neo a Number Poa total 
total total 
Total cases 18 17 19 
Type disease: 
Nonparalytic 3 + 2 
Spinal alone 12 6 10 
Bulbar or bulbospinal 2 83 3 76 5 89 
Fatal (bulbar) 1 4 2 
Residual weakness at 6 to9 months | 10/13 an 6/8 is) 13/15 87 
Contact* 6 33 4 24 6 32 
Children in household 14 Tomiie 13; 76 17 89 
Average family size (oO 3.9 . 3.9 f 
Prior tonsillectomy 10 | 56 10 59 9 47 


* Defined in text. 


_shows no significant differences in the various attributes tested. Roughly 
one third of the cases in each group reported contact, as defined, with a prior 
case. Three fourths had children less than 15 years of age living in their house- 
hold. Half had undergone prior tonsillectomy. Three fourths were classified 
as paralytic with residual weakness between the sixth and ninth month after 
onset. Average family sizes were similar. Also, these attributes appeared in 
the six nonmarried female and six nonmarried male cases in similar proportions 
to those in pregnant cases. This absence of biasing factors between pregnant 
cases and other groups obviates need for adjustment and strengthens the thesis 
that pregnancy increases susceptibility to poliomyelitis attack. 
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The significance of the provoking effect of pregnancy in this outbreak needs 
clarification. Eighteen poliomyelitis cases developed ‘in pregnant women 
as compared to an expected number of 8 cases if age-specific attack rates in 
nonpregnant married women had pertained. Thus, approximately 10 cases 
can be attributed to the gravid state. 

Hunter and Milliken?! compared clinical forms of poliomyelitis between 49 
pregnant cases, including the 18 reported here, and 141 nonpregnant female 
cases who were admitted to St. Mary’s Hospital, Rochester, Minn., from 1944 
through 1952. Their data revealed similar case fatality rates and similar 
frequencies of bulbospinal disease in pregnant and nonpregnant cases. But 
women who contracted poliomyelitis in the second and third trimester of preg- 
nancy were more apt to have the bulbospinal form and to die than women 
who became ill during the first trimester. 


Discussion 


Observations reported here reveal an association between previous tonsil- 
lectomy and an increased risk of poliomyelitis attack that results in an excess 
of bulbar cases, and has quantitative significance. This association, however, 
is not necessarily one of underlying cause and effect, since those factors or con- 
ditions that prompt tonsillectomy have not been eliminated as basic provok- 
ing elements. Yet, the constancy of the association among age and occupa- 
tional groups that experienced different frequencies of tonsillectomy, together 
with the impression that little constitutional difference exists between tonsil- 
present and tonsil-removed individuals, leads us to believe that susceptibility 
to poliomyelitis is enhanced by tonsillectomy per se. Studies are needed on a 
larger series of cases, (1) to determine indications for tonsillectomy; (2) to 
make careful note of the timing of bulbar symptoms relative to other sites of 
paralysis (i.e. bulbospinal versus spinobulbar); and (3) to treat pure bulbar 
cases as a distinct group. Perhaps ultimate conclusion awaits experimental 
study in laboratory primates. 

A long-term provoking effect of tonsillectomy urges speculation on the 
pathogenetic mechanism involved. Two hypotheses are intriguing—direct 
entry and spread of virus to the medulla via nerves supplying the pharynx and 
palate, versus increased penetrability of capillaries to circulating virus in the 
region of the brain stem supplying innervation to tonsillar tissues. Recent 
experiments by Bodian* provide data supporting the latter hypothesis as the 
explanation of the provocative effect of inoculations and trauma. His findings 
make functional vascular changes especially appealing as an interpretation of : 
the effect of tonsillectomy. 

Increased risk of poliomyelitis during pregnancy presumably relates to en- 
docrinologic changes that alter defense barriers at sites of virus multiplication 
or invasion. Here again, laboratory studies may offer definitive evidence on 
mechanisms involved. 

Three other points need emphasis: (1) estimates indicate that the influence 
of tonsillectomy and pregnancy in this outbreak contributed approximately 31 
(14 per cent) of the 215 cases, including three deaths; (2) findings reported here 
stress the need for firm indications before tonsillectomy is undertaken; (3) preg- 
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nant women deserve consideration for immunization against poliomyelitis when 
a suitable vaccine becomes available. 


Summary 


This report describes previous tonsillectomy and current pregnancy, two 
independent host variables, as they affect risk of poliomyelitis attack. Data 
pertain to an outbreak in Olmsted C ounty, Minnesota, 1952, which was largely 
if not solely due to type 1 virus. It was established that: 

(1) Thirty-one per cent of 215 cases had undergone tonsillectomy more than 
two months prior to the outbreak, as contrasted to age-adjusted frequencies of 
23 per cent in 3,300 contacts of cases, and 22 per cent in 2,200 randomly selected 
individuals from the county-at-large. These significant differences are main- 
tained in figures standardized for economic and related factors, and indicate 
association between prior tonsillectomy and increased risk of poliomyelitis 
attack. 

(2) Forty-eight per cent of 66 bulbar cases had undergone prior tonsillec- 
tomy as opposed to an age-adjusted frequency of 27 per cent of 149 nonbulbar 
cases. This significant difference persists when account is taken of such po- 
tential variables as economic and cultural factors of host, and changing 
virulence of parasite. } Thus the increased incidence of poliomyelitis associated 
with prior tonsillectomy was limited to an excess of cases with brain stem 
involvement and its frequent consequence of death. 

(3) Seven per cent of 89 pregnant contacts of cases developed poliomyelitis 
as compared to 1 per cent of 651 nonpregnant female contacts of childbearing 
ages. Also, the attack rate among all pregnant females in the county was 
significantly higher than rates in nonpregnant females and in males of similar 
ages. All groups seemed comparable as to other factors which influence inci- 
dence. ‘These findings offer presumptive evidence that susceptibility to clinical 
poliomyelitis is enhanced by pregnancy. 

(4) Estimates indicate that tonsillectomy, or those conditions which prompt 
this operation, was responsible for an estimated 21 (10 per cent) of the 215 
cases, including three deaths. Pregnancy contributed approximately 10 of the 
remaining cases. 
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ENDOCRINOLOGICAL ASPECTS OF PATHOGENESIS OF 
EXPERIMENTAL POLIOMYELITIS* 


By Gregory Shwartzman, Stanley M. Aronson, Constantin V. Teodoru, 
Max Adler, and Rene Jahiel 
Microbiology Department, The Mount Sinai Hospital, New York, N. Y. 


Susceptibility to poliomyelitis, whether studied in laboratory animals or ob- 
served in the human population, cannot be measured solely by immunologic 
barriers. It is apparent that additional factors are operative in determining 
predisposition to the spontaneous disease. Somatic stress and pregnancy have 
been equated with decreased resistance to poliomyelitis by numerous observers. 
Experimentally, gross alteration in susceptibility to the inoculated disease is 
immediately apparent following cortisone administration in all inherently sus- 
ceptible species.!: ? 

In the initial experiments, the Syrian hamster was chosen because of its 
partial native refractoriness to the disease, thus allowing an opportunity to 
observe both increase and decrease in paralytic incidence consequent to experi- 
mentally introduced factors. The cortisone-potentiated disease in the ham- 
ster afforded a model to study the pathogenesis of experimental poliomyelitis, 
serving also to clarify the progression of the virus in its course from the pe- 
riphery to the critical tissues—the central nervous system. 

Two bodies of information thus became available. First, a pathway traveled 
by the virus and, specifically, the extraneural preparalytic sites of viral propa- 
gation.?:+ Second, the observation that a wide range of endocrine disturbances 
were capable of materially altering susceptibility to the introduced pathogen 
in experimental animals.® It was necessary to determine whether there was 
any basic pattern in the diverse endocrinologic procedures instituted; whether 
such procedures had any discriminate action upon the specific tissues amenable 
to poliomyelitis virus proliferation; and, finally, whether an understandable 
correlation existed between the two. 


Pathogenesis of Peripherally Inoculated Poliomyelitis Virus in the 
Syrian Hamster 


The Syrian hamster is totally refractory to parenterally introduced polio- 
myelitis virus. Concomitant cortisone therapy, however, allows the develop- 
ment of a fulminant and usually lethal paralytic infection following intraperi- 
toneal, intramuscular, or subcutaneous administration of the virus. During 
the course of this augmented infection, microscopic lesions are noted in the 
striated musculature® and, within a form of specialized adipose tissue, are refer- 
red to as brown fat.’:8 This latter tissue, while detectable in all mammalian 
species, is more abundant in members of the rodent family. In contrast to the 
unconfined nature of white fat, brown fat generally displays a defined pattern 
of anatomic distribution. It is found in the axillary cavity, between the 
scapulae, encompassing the adrenal glands, in intimate relationship to the 
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TABLE 1 


Virus PROGRESSION IN CORTISONE-TREATED HAMSTERS FoLLowinGc VARIOUS ROUTES OF 
TNOCUEATION EXPRESSED IN —LocGs LDs5o IN MICE 


Vira concentration in tissues 


Duration of infection in 
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left leg 48 hrs. 
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Minus (—) = not tested. 


thymus, and running parallel to the vertebral column bilaterally. In contra- 
distinction to white fat, it tends to be lobulated and grossly discrete. 

Large numbers of male Syrian hamsters, generally between 20 to 30 gm. in 
body weight, were inoculated by various parenteral routes with type 2 (MEF; 
strain) poliomyelitis virus. A course of cortisone therapy was also given. 
Animals from various groups were sacrificed, generally at 24-hour intervals, 
and immediately autopsied. Selected tissues were harvested aseptically, and 
their viral content was titrated by means of intracerebral mouse inoculation. 

As may be seen from TABLE 1, little virus could be detected anywhere in the 
hamster body 24 hours after intraperitoneal inoculation. The small amount 
found in the periadrenal brown fat may have possibly represented an infective 
material residue initially introduced. In the succeeding 48 hours, there was a 
very rapid proliferation of the virus within the periadrenal brown fat reaching 
levels of —5 logs LDs.. Quantitation of virus in the brown fat elsewhere in 
the body disclosed an equivalent amount of virus proliferation. Thus, within 
the first 96 hours following intraperitoneal inoculation of the virus into ham- 
sters, the principal sites of viral activity found were within the various visceral 
foci of brown fat. Some viral proliferation, in addition, occurred within the 
paravertebral skeletal musculature. No virus, however, could be detected 
within the brain or spinal cord at this time. Animals sacrificed at 96 hours, 
and beyond, generally showed a perceptible amount of virus within emulsions 
prepared from spinal cords. At no time did the titer of virus within the central 
nervous system exceed or even equal that found within the extraneural sites of 
brown fat. The appearance of the virus within the spinal cord coincided with 
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the clinical presentation of paralysis and with the classical anterior horn cell 
inflammatory changes. 

When the virus was introduced intramuscularly into the upper limb of cor- 
tisone-treated hamsters, an essentially similar pattern of pathogenesis emerged 
(TABLE 1). Significant quantities of virus could be isolated from the intra- 
scapular brown fat within 18 hours following introduction of the virus into the 
upper limb musculature. There was further incrementation of virus content in 
this location in the succeeding two to four days. Somewhat belatedly, the 
virus could be isolated from the periadrenal brown fat, generally within 72 hours 
after the time of initial virus introduction. Detectable amounts of virus 
within the spinal cord were not found prior to72 hours. Again, asin the case of 
animals studied following intraperitoneal introduction of the virus, the ulti- 
mate level of virus content within the spinal cord never achieved that observed 
within the brown fat. The striated muscle at the immediate site of virus intro- 
duction also contained large quantities of virus. 

Subcutaneous inoculation of the virus in cortisone-treated hamsters also re- 
sulted in a considerable virus proliferation within the intrascapular brown fat 
(TABLE 1). 

When the virus was introduced directly into the brain of cortisone-treated 
hamsters, measurable amounts of virus could be demonstrated within the inter- 
scapular brown fat as early as 24 hours following the intracerebral inoculation. 
Even by this route, the quantitative extent of virus propagation within the 
brown fat was greater than within the brain or spinal cord. At 96 hours, there 
was at least a 2-log increase in virus content within brown fat, as compared to 
either the brain or spinal cord. 

Approximately 48 hours after intraperitoneal introduction of virus into cor- 
tisone-treated hamsters, a viremia occurred which persisted about three days 
(TABLE 2). 


Histopathology of Brown Fat Necrosis Caused by the MEF, Strain of 
Poliomyelitis in Cortisone-Treated Hamsters 


Parallel studies of the microscopic alterations within the brown fat were 
carried out at various intervals of infection, and following various routes of 
virus administration. Viral propagation within brown fat was invariably ac- 
companied by a well-defined series of histologic changes within this tissue. The 


TABLE 2 
VirEeMIA FOLLOWING INTRAPERITONEAL INOCULATION OF MEF, INTO CoRTISONE-TREATED 
HAMSTERS 
Duration of infection prior to Viral concentration in blood of individual hamsters 
bleeding —logs LDso in mice 
18 hrs. 0 and | 0 0 
45 hrs. 2.88 3 3 S158) 
72 hrs. Deal 1 3.78 SiO 
06 hrs. 0 2.88 3 Z, 3.4 
120 hrs. 0 0 17 3 
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TABLE 3 


Cynomotcus MonKEys INOCULATED INTRAMUSCULARLY WITH WISCONSIN 
STRAIN POLIOMYELITIS VIRUS 


oo 


Untreated | Cortisone- 
Total’mumber-of amimialsueres see oeetiie iste aie at eee ret terror orien 12 12 
Days of incubation E + 
Eh one ee OMe eae nO erro ap onc 5S, 4-15 5-24 
IVLGCTATIS rece aoe ee ee eet en cer eget is cance Seatac one 7 4 
NOS with: CNSilesions stcscnec cere te eerste ae rere tele Reete 12 12 
Nos with brown fat lesions eo rnasiien tote Grenier ree eter 11 12 
Virus in cervical cord, median —log TCD5o.............--..- 4.5 5.0 
Virus in brown fat, median —log TCDs0...................-. | o.0) 4.0 


initial reactions were of an intracellular variety. The brown fat cell cytoplasm, 
normally composed of delicate interlacing filaments, assumed a coarse smudgi- 
ness. Very rapidly thereafter, a granular necrosis of the cytoplasm ensued, 
involving, somewhat belatedly, the nucleus. The resultant detritus retracted 
peripherally, leaving a central zone cleared of either structure or debris. The 
compact centripetally situated residual tissue rapidly became basophilic. The 
supraimposed coloration was caused by a calcific deposition and was demonstra- 
ble within 24 hours after the onset of cellular degradation. Only during the 
final stage of brown fat necrobiosis was an inflammatory response manifest. 


Pathogenesis of Experimental Simian Poliomyelitis 


Following parenteral introduction of the poliomyelitis virus type 1 (strains 
Wisconsin, MacMahon, Brabyn, Brunhilde) or type 3 (strains Farrabaugh, 
Saukett), histologic lesions and high levels of virus were detected within the 
axillary brown fat as early as the third day following inoculation. As will be 
seen from TABLE 3, cortisone treatment was not necessary, as in the case of 
hamsters, for the production of microscopic lesions within brown fat or for the 
propagation of virus within such tissue. The lesions within monkey brown fat, 
while not as extensive as those described above in hamster brown fat, were of 
essentially similar pathologic character.® 

In cynomolgus monkeys sacrificed 72 hours after intramuscular injection of 
the Wisconsin strain of poliomyelitis virus, no virus could be isolated from the 
spinal cord and no histologic lesions characteristic of poliomyelitis were demon- 
strated. Nevertheless, virus could be isolated from the blood, as well as from 
specimens of brown fat derived from axillary and periadrenal regions (TABLE 4). 
The viremia noted at 72 hours persisted through 96 hours. Animals sacrificed 
at this time showed an appreciable titer of virus within the spinal cord, as well as 
the presence of very early ganglionic lesions within the anterior horns of the 
spinal cord. 

The myositis that characterized the extraneural progression of the poliomy- 
elitis virus in the hamster was never demonstrable in the infected and para- 
lyzed cynomolgus monkey (TABLE 5). 
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ViraL CONCENTRATION FOLLOWING INOCULATION INTO CYNOMOLGUS MONKEYS EXPRESSED 
IN —LoG TCDs5» 


Route of inoculation of Wisconsin strain............... 5 Intravenous Intramuscular 
(left arm) 
PiomicmmiemIMOcilationy.!....... + cascvisee cases ens nive oo 72 hrs. 96 hrs. 72 hrs. 96 hrs. 
IBC . , «gated ee er re 5.0 3.0 3.0 4.0 
Mefiaxillary brown fat....................... oes 6.3 5.6 7.0 
mioniwaxillary brown fate...........¢-.5.0+-.- Seo 6.0 6.3 6.3 
Paar MIECOR Cupar awe etc ANS een ae le 25 3.0 0 35 


TABLE 5 
VISCERAL LESIONS FOLLOWING PERIPHERAL INOCULATION OF POLIOMYELITIS VIRUS 
LEROSS 4 oo+ oy pire REI ee Golden hamster Cynomolgus monkey 
Viruses MEF; Wisconsin 
Lansing Brabyn (Ward) 
Yale-SK McMahon 
Brunhilde 
Farabaugh 
Saukett 
, Cortisone- Cortisone- 
Untreated teeated Untreated treated 
pemimienal LAKESi ce... cceceoslenes ~ + + aL 
bEOWwMat LESIONS. 5245 6 ies be ss — + + +f 
Marscleslesions.... ...7-0...-6.... _ oo _ = 


Relationship of Spontaneous or Induced Endocrine Disturbances to 
Poliomyelitis Susceptibility in the Syrian Hamster 


Extended studies indicated that hamsters subjected to the normal yearly 
climatic variations responded with fluctuation in adrenal, thymic, testicular, and 
brown-fat weight. Significant deviation in mortality and morbidity rates was 
also noted following intracerebral inoculation of poliomyelitis virus (strain 
MEF)) in the Syrian hamster, when such procedure was carried out at different 
times of the year.> It became apparent that there was some statistical rela- 
tionship between adrenal size, as expressed in mg. per 100 gm. of body weight, 
and susceptibility incident to the inoculated disease (TABLE 6). Thus, during 
the early spring of 1953, when the average adrenal weight was 17.09 mg. per 
100 gm. of body weight, the morbidity was 66.9 per cent. In the succeeding 
period (late spring and early summer), there was noted a progressive diminution 
in adrenal weight, there being 13.51 mg. of adrenal tissue per 100 grams of 
body weight during this period. Concomitantly, the morbidity rate dropped 
to 43.5 per cent during this period. In early fall of the year under study, 
adrenal weight in a large number of animals analyzed for this purpose rose to a 
level equivalent to that noted during the early spring. In parallel fashion, the 
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RELATION OF SEASONAL VARIATION IN WEIGHT OF ADRENAL GLAND TO SEASONAL 
FLUCTUATION IN SUSCEPTIBILITY TO POLIOMYELITIS IN THE SYRIAN HAMSTER 


= 


Variation in adrenal wet. Variation in susceptibility 
Mean west. ar . 
Period No. animals| mgm./100 gm. |No. animals Morbidity Mortality 
body wet. 
4/1-5/15 60 17.09 139 66.9% 38.8% 
§/22-7/10 144 tSeot 85 43.5% 23.5% 
9/1-10/30 179 fe 218 65.1% 36.7% 
TABLE 7 
RELATION OF TESTICULAR MATURITY TO POLIOMYELITIS SUSCEPTIBILITY IN THE SYRIAN 
HAMSTER 
Testicular activity* Variation in susceptibility 
Body wet. ; iP < 5 
No. animals Immature dea No. animals a ity 
15-25 gm 37 97 0 58 81.03 60.34 
25-55 gm 232 36 9 238 62.18 32.35 
55-70 gm 26 35 61 58 63.79 27.58 


* Testicular activity determined by relative gonadal weight. Testes weighing less than 300 mgm./100 gm 
body weight were considered immature. Testes weighing over 600 mgm./100 gm. body weight were deemed 
highly active. 


TABLE 8 


Errect oF INDUCED ENDOCRINE DISTURBANCES UPON SUSCEPTIBILITY OF HAMSTERS TO 
MEF; Strartn POLIOMYELITIS VIRUS 


Experimental procedure No. animals | Morbidity % Mortality % 
Unilateraliadrenalectomiymmre cis keene eee 70 54.3 31.4 
Cortisone*5 im gins el emer esate rane ere 163 84.7 65.6 
DOCA implants, NaCl in drinking water........ 30 80.0 80.0 
Castration: (recent) asaereme aio ie ns eae 106 67.9 48.1 
aLestosteronedimplan tae tree ery neers 151 49.7 23.2 
Controls o.0:%4 5; yee Sa 34 AL. 126 61.9 3259 


morbidity also rose to 65.1 per cent, again approximating that noted in the 
earlier portion of the year. 

Some degree of correspondence could also be observed between mortality 
from poliomyelitis and testicular activity as expressed by the testicular weight 
in mg. per 100 gm. of body weight. An inverse relationship between the mor- 
tality rate and the degree of testicular maturity appeared to exist. Testicular 
activity, while determined principally by relative weight of gonads, was peri- 
odically checked by sperm counts. Thus, animals below 25 gm. in body weight 
showed immature testes and a mortality rate of 60.34 per cent. Animals of an 
intermediary weight range (25 to 55 gm.), showing a more mature testicular ac- 
tivity, displayed a mortality rate considerably lower than the previous group, 
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averaging 32.35 per cent. Animals in a higher body weight range (over 55 gm.) 
showed an even greater degree of average testicular activity and, correspond- 
ingly, a lower mortality rate (TABLE 7). 

Deviation in paralytic morbidity and mortality could also be produced con- 
sistently by induced endocrine derangements.® Potentiation of poliomyelitis 
occurred in the period immediately following bilateral orchiectomy, as well as 
as after cortisone or DOCA therapy. Enhanced resistance was noted following 
adrenalectomy, testosterone overdosage, treatment with chorionic gonado- 
trophin, or pituitary gonadotrophic hormone (TABLE 8) 


Effect of Environmental and Hormonal Disturbances upon Brown Fat 
in the Syrian Hamster 


Cortisone treatment resulted in a marked and rapid increase in brown fat 
volume and weight.!° The incremented weight was attributable almost ex- 
clusively to increase in neutral lipid material, confirmed biochemically and 
histochemically. Phospholipids were also increased in absolute value, but de- 
creased in relative concentration. Water content followed a pattern similar to 
phospholipids. Conversely, bilateral adrenalectomy was followed by brown fat 
atrophy and depletion of sudanophilic material. 


Discussion and Summary 


Studies on the progression of peripherally inoculated poliomyelitis virus in 
the Syrian hamster, cynomolgus monkey, and mouse indicate that a peculiar 
form of connective tissue, descriptively designated as brown fat, serves as the 
principal extraneural viral proliferation site during the preparalytic and para- 
lytic phases of the disease. Virus proliferation in this tissue is reflected micro- 
scopically by necrobiotic lesions. In the Syrian hamster, another visceral 
lesion, regional myositis, accompanied by significant quantities of intrinsic 
virus proliferation is also noted. Muscle changes appear to be specifically those 
of the hamster, since it is not demonstrable in other species amenable to polio- 
myelitis infection. Brown fat lesions in the monkey are noted, following in- 
fection with numerous strains of type 1 and type 3 poliomyelitis virus. 

Brown fat is an extremely labile tissue, sensitive to seasonal and temperature 
changes, stress, and a wide range of experimentally induced endocrine dis- 
turbances. It reacts, as in the case of cortisone treatment, by expansion of cell 
diameter, increased lipid content, and gross increase in weight. The reverse 
occurs, for example, following adrenalectomy. In general terms, brown fat 
_ hypertrophy, from whatever cause, coincides with increased susceptibility to 
poliomyelitis and, conversely, brown fat atrophy with decreased susceptibility. 
It is still uncertain, despite the repeated coincidence of brown fat enlargement 
and augmented susceptibility, whether both phenomena are causally related or 
whether they each represent independent end results of still another physio- 
logical disturbance as yet undetermined. 

In an extensive series of experiments, susceptibility also appears to be 
closely related to alterations, seasonal or induced, in adrenal-testis equilibrium. 
Heightened susceptibility is correlated with adrenal hypertrophy. Increased 
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resistance is noted following diminution in adrenal weight or testicular hyper- 
trophy, again from natural or experimentally created circumstances. 

These findings may serve to indicate some of the nonimmunogenic variables 
involved in predisposition to experimental poliomyelitis. 
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VIREMIA, INVASIVENESS, AND THE INFLUENCE OF 
INJECTIONS* 


By David Bodian 
Poliomyelitis Laboratory, The Johns H opkins University, Baltimore, Md. 


In dealing with a phenomenon that represents a special case of the patho- 
genesis of poliomyelitis, it is important to emphasize that our knowledge of the 
fundamental processes is as yet incomplete and that, in preparing to develop 
the factors that underlie the “provoking” effect of injections, we must dis- 
tinguish sharply between established fact and hypothesis. Nevertheless, it is 
impossible to design satisfactory experiments dealing with the “provoking”’ 
phenomenon without making certain assumptions concerning the nature of the 
unmodified infection. In thinking about one of the capital problems of the 
pathogenesis of poliomyelitis, namely, the method by which virus penetrates 
into the central nervous system, we are confronted with the following well- 
established facts. First, in the presymptomatic period of human poliomyelitis 
infections and of infections in chimpanzees inoculated with invasive strains by 
virus feeding, virus can be readily isolated from the blood serum.!»2»3 At this 
time, virus can also be isolated from the feces. The distribution of virus in 
human beings preceding this period of viremia is unknown and probably can- 
not be directly established. However, in chimpanzees sacrificed before any 
demonstrable virus can be isolated from the blood, virus can be shown to exist 
in high titer in the feces, in tonsillo-pharyngeal secretions, and in a few lym- 
phatic structures closely associated with the alimentary tract, namely, the 
tonsils, deep cervical lymph nodes, Peyer’s patches, and mesenteric lymph 
nodes, but in no other viscera that we have examined in three carefully studied 
animals. Among the tissues that have failed to yield virus are portions of the 
intestinal walls, the trigeminal ganglia, and samples of practically every internal 
organ (TABLE 1). 

In other words, the distribution of virus in the previremia period suggests 
primary viral invasion and multiplication in the tonsils and in Peyer’s patches 
of the ileum, with lymphatic spread to local lymph nodes and subsequent 
spilling over into the blood serum. It follows that the tonsils and Peyer’s 
patches may be not only the sources of virus in tonsillo-pharyngeal secretions 
and feces, but also the sources of at least some of the virus that enters the 
blood stream. Evidence from chimpanzees and from human autopsy cases 
indicates that, subsequent to viremia, a number of “target”? organs may be in- 
vaded secondarily by virus from the blood stream. These organs include the 
central nervous system and lymphatic tissues, and, confirming the work of 
Shwartzman and his colleagues described in this volume, the brown fat. 

Now we know that, in fatal human cases and in chimpanzees experiencing 
paralytic infection after virus feeding, respectively, it is not possible to recover 
virus consistently from peripheral nervous tissues that might be considered as 
leading from the alimentary tract to the central nervous system. This includes 
the coeliac ganglia, trigeminal ganglia, and olfactory bulbs. In both species, 
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TABLE 1 


DISTRIBUTION AND TITER PER GRAM OF POLIOMYELITIS Virus IN TISSUES OF CHIMPANZEES 
AFTER VirUS FEEDING, AND BEFORE ONSET OF VIREMIA OR OF ANTIBODY RESPONSE 


Chimpanzee | Chimpanzee Chimpanzee 
Tissues assayed for virus a Seen eee rene Nee 
POCES ei ee ee Sl ee etn eee ener ieee 10 5,000 2,500 
AN sheen elay, Cees Ga hn hone dues noone abae — a, pe 
Bicod@serunal (daily))mcwwe eee teeters tener : 0 
1G) hatic 
TPomails Seed woes Sy ote area eee? Sea 10 3,000 2,000 
Peyercs patGes ee sry are ieee temet ee teria — — 16,000 
Deepicervical modes asses ee tenet teeter — 2,000 250 
Mesentericinodesis . item corer tly ear erent 100 aad 0 
Axillary, inguinal nodes, thymus, spleen, bone 
TNALTOW cee eee ee ete ee ee eee mee 0 0 0 
Alimentary tract 
Tongue, salivary glands, lung, duodenum, pan- 
creas, liver, jejunum, ileum, appendix........ 0 0 0 
Neuromuscular 54 ase 
Trigeminal ganglia, biceps brachii, diaphragm, 
heact MUSCle se epee es Sich ke a 0) 0 0 
Other ‘ 
Bladder, kidney, adrenals, uterus, ovary, testis... 0 0 0 


the recovery of virus or the demonstration of bona fide poliomyelitis lesions has 
been conspicuously lacking.4| We have attempted to determine, then, alterna- 
tively, whether virus might penetrate into the central nervous system in ex- 
perimental animals from the blood stream and, if so, how this may be ac- 
complished. The cynomolgus monkey has seemed to be suited to quantitative 
studies dealing with the ability of virus to penetrate into the central nervous 
system, and it is felt that observations derived from this species may be helpful 
in giving an understanding of the process as it. may occur in higher primates. 
We have found that the simplest way of assuring that hematogenous spread of 
virus occurs under conditions of complete control of dosage, as well as of time 
of onset of viremia of infection, was to inject virus into the blood stream simul- 
taneously in large groups of animals.> When this is done by intracardiac 
inoculation of several strains of varying degrees of invasiveness, it can be 
shown that the contamination of skin, muscle, or heart wall due to the inocu- 
lation does not effect the incidence of paralytic poliomyelitis. On the contrary, 
it is only when virus is introduced directly into the blood stream that paralytic 
infections result with any degree of consistency. Moreover, a strain of high 
virulence and of high invasiveness, such as the Mahoney, by this route, not 
only produces a relatively high paralytic rate, approximating 50 per cent, with 
a dose of about 100 to 1000 tissue culture IDs , but also produces an infection 
characterized by a viremia of relatively long duration and high titer. On the 
contrary, other strains inoculated under the same conditions produce viremia 
of low titer and of relatively short duration, as well as producing low or negli- 
gible paralytic rates. This and other findings that I cannot enter into in detail, 
but have been described recently,> lead one to suppose that, in cynomolgus 
monkeys inoculated by the blood-stream route, infection of the central nervous 
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system can and does occur by direct penetration of virus from the blood stream. 
This penetration occurs, not by way of the olfactory bulbs or trigeminal ganglia, 
but apparently into one of three general regions of the CNS, the medulla 
oblongata, the cervical cord enlargement, or the lumbar cord enlargement. 

In most animals, the onset of paralysis with the virulent Mahoney strain is 
abrupt and limited to muscles innervated by one of these central motoneurone 
pools. The rate of facial paralysis is high, and is equaled only by the rates 
obtained when the same virus strain is inoculated by virus feeding. By known 
neural routes, however, such as the intracerebral, intranasal, or intramuscular, 
the incidence of facial paralysis is much lower. 

Some months ago, we attempted to determine whether cortisone had an in- 
fluence in determining whether virus in any particular animal would or would 
not penetrate from the blood stream into the central nervous system. It was 
apparent, from the early experiments, that animals inoculated by the intra- 
cardiac route were more likely to become paralyzed when they had received, at 
the same time, an intramuscular injection of cortisone than if they had not so 
been treated. It was soon noted, however, that the increased paralytic rate 
was also accompanied by a preferential localization of paralysis to the ex- 
tremity in which the cortisone was introduced intramuscularly, namely, the 
left leg. When controlled observations were then carried out, using not only 
cortisone, but materials of no known hormonal content, such as gelatin, peni- 
cillin, diphtheria-pertussis-tetanus antigen, or the saline vehicle used to suspend 
the cortisone, it was found that both the increased paralytic rate and the 
preferential localization observed in the cortisone-treated animals was also ob- 
served in animals inoculated intramuscularly with the nonhormonal materials.® 
TABLE 2 will show the summarized results of experiments dealing with the in- 


TABLE 2 


LOCALIZATION OF INITIAL SITE OF PARALYSIS AFTER INTRAVASCULAR INOCULATION OF 
MAHONEY VIRUS IN CYNOMOLGUS MONKEYS 


“Provoking”’ effect of intramuscular injections in right leg 
Rt. leg Initial Tnitial Tnitial arm Facial Total, 
d | P lyt 
Groups ed ee paralyais pavalysts paralysis erate - 
Ratio |x| Ratio | 5| Ratio | 8| Ratio |_| Ratio |y8| Ratio | 8 
Aa Ay Ay Ay ay Ay 
Gonerolsa ..c..5 66 os: 6/167| 4| 23/167| 14144/167| 26 13/167| 8/25/167| 15) 80/167} 48 
Tnjected 
Gelatin Src ae 31/100) 31} 49/100} 49}13/100} 13 7/100) 7|18/100) 18 
Corticosteroids... ./19/97 | 20] 50/97 | 51/19/97 | 20) 5/97 | 5|19/97 | 20 
Saline vehicle..... 7/20 | 35) 10/20 |} 50} 2/20 | 10) 2/20 10| 4/20 | 20 
Penicillin... ....... Vp 22NeS2 aks Zen soo ee) 22 9| 3/22 | 14) 4/22 | 18 
[DACs nee ea 11/52 | 21) 21/52 | 40/14/52 Di 5/520 i O12/ 52923 
Multiple needle 
Becture ee 2/10 | 20} 4/10 | 40) 3/10 | 30} 1/10 | 10; 2/10 | 20 
Single needle 
OUNGLULE wi. 8e\, - 0/39 O| 8/39 | 21/12/39 | 31 5/39 | 13} 4/39 10 
MotaLAnjected....- : 77/340| 23)155/340| 46)/65/340 19|28/340| 8|63/340} 19 250/340) 74 
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TABLE 3 


EXPERIMENTS ON EFFECT OF PROLONGING INTERVAL BETWEEN INTRAMUSCULAR INJECTION 
AND INTRAMUSCULAR INOCULATION 


: Interval between injectron Paralytic Initial ines eee Facial 
aggre ee ee i ratio boat paves paralysis paralysis 
| 
1 1 week 

Controls 7/10 0/10 1/10 4/10 3/10 
Injected 8/10 5/10 8/10 0/10 3/10 

, 3 weeks 
Controls 8/10 1/10 4/10 4/10 2/10 
Injected 9/10 0/10 3/10 6/10 4/10 
3 Controls 4/11 0/11 0/11 4/11 1/11 

Injected 
1 week 10/11 2/11 4/11 5/11 0/11 
2 weeks 7/11 2/11 3/11 1/11 2/11 
3 weeks 7/11 2/11 3/11 2/11 3/11 

Combined experi- | / and 2 weeks 

ments Controls 11/21 0/21 1/21 8/21 4/21 
injected 25/31 9/31 15/31 6/31 5/31 

3 weeks 
Controls 12/21 1/21 4/21 6/21 3/21 
Injected 16/21 Pa PHS 6/21 8/21 7/21 


crease in paralytic rate resulting from intramuscular injections. Animals that 
did not succumb to poliomyelitic paralysis revealed no visible histological 
changes in the blood vessels of the segments of the spinal cord corresponding to 
the injection site, so that our experimental system obviously differs from that 
described by Trueta and Hodes.’ Taste 2 also shows clearly the fact that such 
intramuscular injections determine the preferential localization of paralysis. as 
well as the production of an increased risk of paralysis. TABLE 3 shows, more- 
over, that the phenomenon has essentially the same time limitation that has 
been observed in field studies of the “provoking” effect of intramuscular injec- 
tions in human beings. In other words, the experimental setup duplicates 
closely the situation as we can conceive of it in the human population. Thus, 
the introduction of irritating materials into the muscles at a time when viremia 
may be presumed to be occurring in large numbers of individuals produces the 
characteristics of increase of paralytic rate and of selective localization of 
paralysis during the first two weeks after the intramuscular injection and, to a 
decreasing degree, subsequently. The increased risk of paralysis has been in- 
ferred only from the human field trials but is conclusively shown in the experi- 
mental animal. 

It becomes of interest, therefore, to analyze this apparently analogous ex- 
perimental setup to determine, if possible, the mechanism by which the “pro- 
voking” effect is accomplished. This, while it may not tell us with certainty 
the mechanism that obtains in the human species, gives us the only basis for 
formulating any ideas at all on this subject. I can only summarize briefly 
several lines of experimentation that we have carried out to determine how 
it is that the injection of irritating materials intramuscularly both increases 
the risk of paralysis and determines to a considerable degree the localization of 
initial paralysis in the experimental animal. First of all, it was observed by us 
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that two hypotheses could be formulated by which this effect might be ob- 
tained, both hypotheses assuming a central role of viremia. The hypotheses 
are as follows: first, the injection of materials intramuscularly, at a time when 
virus is circulating in the blood stream, could localize such virus into the mus- 
cles, whereupon the virus could ascend the nerve fibers, initiate infection in 
the corresponding part of the spinal cord, and thus produce initial paralysis of 
the extremity in question. On the other hand, it seemed conceivable that the 
intramuscular injection merely produced some sort of reflex change in the blood 
vessels of the corresponding part of the spinal cord, so that circulating virus 
could more readily penetrate that region and set up an initial infection therein. 
Both hypotheses, it will be observed, fit the fact that initial paralysis and most 
severe paralysis is localized to the site of the intramuscular injection. 

My first feeling in this matter was that the more likely hypothesis was that 
virus was localized by the intramuscular injury and ascended along nerve 
fibers, as it has been shown to be able to do by earlier experiments. It soon 
became apparent, however, that the observations were not fitting this hypothe- 
sis very well. First of all, we observed that the incubation period after intra- 
vascular inoculation is almost as short as it is after intracerebral inoculation 
with the same virus strain. The difference of one to two days theoretically 
could be explained by the observation that this is the interva required for the 
development of a viremia of infection and on the assumption that the central 
nervous system is penetrated by the virus in the blood stream soon after it is 
produced by the infection. Moreover, the incubation period after intravascu- 
lar inoculation, when a provoking stimulus has been applied in the form of 
intramuscular injection, is the same as it is when no such stimulus occurs.® 
This is most difficult to explain on the basis that the virus in the blood stream 
is shunted to the injured nerve fibers in the muscle. The difficulty arises from 
the fact that incubation periods, after direct intramuscular inoculation of virus, 
are much longer than they are after either intracerebral inoculation or intra- 
vascular inoculation. Because the mean incubation period after intramuscular 
inoculation is approximately 12 days with the Mahoney virus, and the incu- 
bation period after intracardiac inoculation in animals injected into the calf 
muscles with nonviral materials is approximately nine and one-half days, we 
felt that it was not possible to assume that the shunting mechanism could 
operate.® 

A further test of this assumption was made by interrupting the sciatic nerve 
by means of freezing with solid carbon dioxide, a procedure that was shown, 
some years ago, to prevent effectively the spread to the spinal cord of virus 
inoculated into the nerve below the frozen segment. When such a nerve block 
is carried out, however, it was found that preferential localization of initial 
paralysis occurred in the corresponding leg, although no such effect was ob- 
served when the sciatic nerve was merely exposed surgically without the 
interruption by freezing.® It is difficult to conceive that interruption by freez- 
ing would permit circulating virus to localize in the interrupted nerve fibers 
and, moreover, this procedure produces a localization of poliomyelitic paralysis 
with approximately the same incubation period as that occurring with intra- 
vascular inoculation in uninjured animals. We are forced to conclude at the 
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present time, therefore, that the mechanism of the “provoking” effect of in- 
jections or of trauma is to produce a reflex change in vascular penetrability in— 
the vessels of the corresponding part of the spinal cord. ; 

The evidence suggests, therefore, that the variation in “virulence” of virus 
strains that is readily demonstrated by intracerebral or other intraneural 
inoculations requires an additional factor for its expression after peripheral 
forms of inoculation. After virus feeding or vascular inoculation, for example, 
the expression of virulence for central nervous tissue is dependent on the vari- 
able “invasiveness” of strains from the blood stream. In nonimmune hosts, 
the factors of “virulence” and “invasiveness” are ultimately permitted expres- 
sion by muscular trauma and probably by other predisposing factors that may 
act by increasing vascular penetrability to virus in local regions of the CNS. 

Finally, it must be emphasized that our analysis of the mechanism of the 
“provoking” effect in poliomyelitis carries with it the implication that infections 
with strains that may not be able to gain access to the blood stream cannot 
result in CNS infection when otherwise appropriate “provoking” stimuli are 
applied. Such strains have already been described in connection with feeding 
experiments in human beings and in chimpanzees," * and we are now testing 
our hypothesis of the mechanism of the ‘‘provoking” phenomenon, using non- 
viremic strains in cynomolgus monkeys, rather than the highly invasive strain 
used in our previous experiments. 
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PHYSIOLOGICAL MECHANISMS INVOLVED IN THE 
LOCALIZATION OF PARALYSIS 


by je Trueta* 
The Nuffield Orthopaedic Centre, Oxford, England 


Information on the characteristics of the viruses responsible for acute an- 
terior poliomyelitis is rapidly accumulating at a time when laboratory studies 
and epidemiological surveys have provided us with the theoretical information 
necessary to control the spread of the virus and establish the prophylaxis of the 
disease, so that it would appear that we are entering the last phase in the 
struggle against acute poliomyelitis. 

It may well happen, however, that epidemic poliomyelitis will disappear, 
leaving the mechanism that determines the localization and severity of the 
damage to the central nervous system still undetermined. The different sus- 
ceptibility of even siblings exposed equally to apparently the same strain of 
virus would seem to require some explanation other than simple variation in 
immunological state of the different members of the family attacked. 

The effect of extraneous factors in determining sites and severity of paralysis 
was suggested as long ago as 1909 by Hochhaus,! who recognized that the 
lisease might follow vaccination, and in 1913, when Wickman? called attention 
to the relationship between muscular exertion and the localization and severity 
of the paralysis. The role of trauma as a localizing factor was recognized by 
Le Fevre de Arric and Millet* in 1929, and that of the immunizing injections, 
notably those against diphtheria and pertussis, was established by the work of 
McClosky* in Australia, by Geffen? in Great Britain, and also by workers in the 
United States by 1950. Since then, the relationship between injections of 
many kinds, particularly intramuscular injections, and the onset of paralysis 
has been confirmed. Finally, one must mention the role of tonsillectomy 
(Francis et al., 1942°) and pregnancy in favoring the paralytic form of the 
disease. 

We have studied the relationship between these “extraneous” factors and 
the site and severity of the paralysis in the cases admitted to the hospital of 
the Nufheld Orthopaedic Centre, Oxford, England, and the injection factor 
stood out particularly as a real provoking factor in many cases. This is par- 
ticularly frequent in children. A few examples will be mentioned to illustrate 
the point. G. M., a boy of three years, received a single inoculation of com- 
bined antidiphtheria and pertussis vaccine, followed 30 days later by a severe 
permanent paralysis of the limb that had been injected (ricuRE 1). A. B., 
a boy of nine months, had a single inoculation of antidiphtheria-pertussis vac- 
cine, followed 15 days later by permanent paralysis of the muscles around the 
area of injection (FIGURE 2). B.N.,a boy of five and one-half years, is another 
similar case followed by permanent paralysis initiated 21 days after the injec- 
tion (FIGURE 3). Another group of patients had received more than one im- 
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G.M., BORN 1950 
9-653 DIPHTHERIA AND PERTUSSIS INJECTION, LEFT ARM. 
7:7:53, ONSET OF A.P.M. 

Ficure 1 


A.B. BORN 26 3-53 
18:12:53 DIPHTHERIA AND PERTUSSIS INJECTION, LEFT BUTTOCK. 
31:54 ONSET OF A.P.M. 


FIGURE 2 


munizing injection. These are three examples: G. H., a girl of one year, had 
an injection against pertussis followed, after little more than two months, by a 
new injection against diphtheria. Nine days later, paralysis occurred, and 
only the shoulder which had been previously injected remained severely af- 
fected (FIGURE 4). P. C., a boy of one year, had an inoculation against per- 


B.N, AGED 5% 
224-53 DIPHTHERIA AND PERTUSSIS INJECTION. 
13-553 ONSET OF A.P.M. 


FIGURE 3 


G.H., BORN 20:7-52 
5-53 INJECTION FOR PERTUSSIS. 
167-53. INJECTION FOR DIPHTHERIA. 


25:7-53 ONSET OF A.P.M. 


FIGURE 4 
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PC. BORN 13-9-5l 
1-7-52 FIRST INJECTION FOR PERTUSSIS. 
7-8-52 SECOND INJECTION FOR PERTUSSIS AND DIPHTHERIA. 
16-8:52 ONSET OF A.PM 
Ficure 5 


R.G., BORN 20-11-53 
28-9 53 INJECTION RIGHT ARM FOR PERTUSSIS. 


12:10:'53 INJECTION LEFT ARM FOR DIPHTHERIA. 

22-1053 GENERAL MALAISE AND SORE THROAT. 

28:10:53 LOSS OF USE OF RIGHT ARM. 
ADMITTED TO HOSPITAL. 


FIGURE 6 
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tussis followed just over a month later by a second injection against diphtheria 
in the same area. Nine days later, an attack of poliomyelitis, localized to this 
area, ensued (FIGURE 5). Of special interest is the case of R. G., a boy of nine 
months, who had an inoculation in the right arm against pertussis, followed, 14 
days later, by an injection against diphtheria in the other shoulder. Ten days 
after this second injection, the child had malaise and sore throat, followed six 
days later by the loss of use of the right arm, that is, the arm in which the 
first injection was given (FIGURE 6). In these six cases, the injections were all 
of diphtheria or pertussis antigens. 

Finally, for completeness, we cite two cases in which the same relationship 
was found with other types of injection. M.S., a boy of two years, who had 
penicillin injected into a buttock, followed nine days later by the onset of 
permanent flaccid paralysis of the injected leg (FIGURE 7). D.S.,a girl of four 
years, had paralytic poliomyelitis 10 days after an injection of T.A.B. (FIGURE 
8). 

We had assumed, before the existence of a viremia was as well proved as it is 
now, that all the different external factors responsible for the site and par- 
ticular severity of the paralysis could well have as a common cause some 


M.S, BORN 27-1-52 

22.154 1M. PENICILLIN COMMENCED 
INJECTIONS INTO LEG. 

31154 ONSET OF APM. 


FIGURE 7 
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D.S, BORN 17:12:49 
21:8:53> T.A.8. INJECTIONBINI@OSLEG 
31¢8:53) ONSET OF AgPaMv? 


FIGURE 8 


vascular alteration in the spinal cord, which would increase the permeability 
of the blood-brain barrier to the virus or, in some way, lower the resistance of 
the individual motor neurones. 

In a paper published in 1954 (Trueta and Hodes’) we gave a preliminary re- 
port of our work on the vascular patterns of the spinal cord in a variety of 
circumstances, using Berlin blue alone or associated with barium injected into 
the arterial circulation as contrast medium. 

Briefly we showed in mice: 

(1) A marked increase in the number and size of the patent blood vessels of 
the spinal cord if the animal had been exercised by swimming (FIGURES 94 con- 
trol and 9B experimental). 

(2) Injection of 0.05 ml. of 10 per cent formol saline into the right hind limb 
of a white mouse was followed by paresis of the limb within an hour, and by 
death after four days. Gross inspection of the cord showed very marked 
vascular engorgement of the vessels of the lumbosacral region on the ipsilateral 
side. Extravasation of blood from the dural vessels of this side was visible on 
low-power magnification. 

(3) The same amount of a 1 per cent solution of formol saline in the thigh of 
a mouse caused death after seven days. 
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In the rabbit, we used for more detailed study of the spinal cord a 0.5 ml. of 
1 in 50 croton oil injected into the upper thigh, followed by a second injection 
of the same amount of 1 in 10 croton oli. Weakness of the injected limb was 
present from the first injection. The animal was killed by perfusing the 
thoracic aorta with a mixture of Berlin blue and barium; the cord was fixed in 
formol saline; and the frozen sections showed that there were hemorrhagic in- 
filtrations, localized mainly in the grey substance, particularly severe on the 
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side of the injection. In Fr1cuRE 10, this is clearly seen. There is a very large 
engorgement of vessels entering the gray substance on the side of the injected 
limb, with a large hemorrhage almost within the gray matter on that side, and 
small hemorrhages on the opposite side. In that part of the spinal cord where 
the hemorrhage begins to subside, the greatest change occurs on the side of the 
intramuscular injection (FIGURE 11). The vascular engorgement is not only 
apparent after intramuscular injections of irritants, but may also be elicited 
by a number of other external agencies. We studied the effect of immobiliza- 
tion of a limb in a plaster cast for a fortnight, on the vascular pattern of the 
cord. Evidence of the type of changes is seen in FIGURES 12A and 12B. Larger 
vascular caliber appeared on the side of the cord corresponding to the im- 
mobilized limb. 

In an attempt to determine whether the same susceptibility to change was 
shown by the vessels of the spinal cord after subcutaneous injections of irri- 
tants, we injected two groups of mice with 0.05 ml. croton oil 1 in 10, one group 
intramuscularly and the other group subcutaneously. F1GURE 13 shows sec- 
tions of the white columns of 10 animals injected intramuscularly, and it shows 
that, from the first, the mortality was greater than in the series injected sub- 
cutaneously. By the seventh day, all the animals injected intramuscularly 
had died, while only 1 out of 10 of those injected subcutaneously had died. 
By the 13th day, the mortality of the subcutaneously injected animals had 
risen to its maximum of 6 in every 10. Considering the great difficulty of 
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ARM | 2 2 


4.5 WAU 3 


TOWNE DEYN SSeS a Se 


PER CENT DEAD 


EVEIDAY OF DEATH =—=—= 11.68 


FIGuRE 14 


keeping the injected mass subcutaneously in such a small animal as the mouse, 
the difference in results seems to be of some significance. It was thought 
interesting to study the different rates of survival among mice injected either 
intramuscularly or subcutaneously, in several regions of the body. In the 
thigh, the intramuscular injection caused the death of all the mice, while only 
6 of every 10 died after subcutaneous injection (FIGURE 14). With a croton 
oil solution of 1 in 20, the average days of survival after intramuscular injection 
was 14.6 while, after subcutaneous injection, it was 25.1. Of the animals in- 
jected in the calf, the total number of deaths was 4 in every 10 following the 
intramuscular injection of the 1-in-10 solution, and only 1 among 10 after the 
subcutaneous injection. In the arm, 0.05 m’. of 1-in-20 solution of croton oil 
caused death after an average survival of 14.5 days, intramuscularly, while a 
27.7 day survival was obtained following the subcutaneous injection of the 
same amount of solution. A new series of thigh injections caused the death of 
6 out of 10 mice after intramuscular injection, and of only 1 in 10 following 
subcutaneous injection. It may thus seem that injections in the thigh affect 
the animals more severely than those either in the calf or in the arm, the least 
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EXP. 2 
GASTROC. 
1:20 


SUBC UT. SUBCUT. 


NUMBER DEAD 


SUBCUT. 
oO 20 40 Oo 20 40 
DAYS AFTER INJECTION 
FicureE 15 


dangerous of all apparently being the subcutaneous injection in the arm. 
Ficure 15 shows again the differing susceptibility following intramuscular or 
subcutaneous injection and is self-explanatory. In these experiments, no 
positive data as to the cause of death were obtained, but the postmortem exami- 
nation of several mice made us suspect that the vascular changes of the spine 
had some part, at least, in the death of the animal. 

The possible clinical implications of these findings may be of sufficient in- 
terest to encourage their early publication. Alternative methods for intro- 
ducing therapeutic and prophylactic substances into the body other than intra- 
muscular injections, particularly in the thigh, are to be recommended. 
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Part III. Poliomyelitis Virus Variation 


POLIOMYELITIS VIRUS VARIATION* 


By Jerome T. Syverton 


Department of Bacteriology and Immunology, University of Minnesota, 
Minneapolis, Minn. 


It is fitting that the Conference on the Biology of Poliomyelitis upon which 
this monograph is based should have focused attention on variation of the 
causative virus. Let us first consider variation in its broad sense. As Findlay 
(1936) observed, a change in character of a virus is variation: for example, a 
change in virulence, in host range, or in route of infectivity. Variants of polio- 
myelitis virus have been recognized recurrently, under natural and experi- 
mental conditions, since the discovery of the virus by Landsteiner and Popper 
in 1909. Flexner and Clark, in 1911, observed variation in the severity of 
disease induced in monkeys by primary transfer of 10 human cords. They 
applied the apt description “races of the virus.” Flexner, Clark, and Amoss 
(1914) found similar variants on serial passage of single strains of virus. Later, 
these differences were so emphasized by selection (Flexner and Amoss, 1924), 
that strains could be characterized as “immunizing” or “killing.” The obser- 
vations of strain variation in pathogenicity were difficult to interpret, particu- 
larly since the protection conferred by infection with a mild immunizing strain 
of virus might be obscured when the host was challenged with an immunologi- 
cally distinct strain. 

The problem was resolved in part by the recognition of immunological dif- 
ferences among strains. The names of Burnet and Macnamara (1931), Weyer 
(1931), Flexner (1932), Paul and Trask (1933, 1935) and others are associated 
with this forward step. Further clarification resulted from the work of Bodian, 
Morgan, and Howe (1949), and of Kessel and Pait in 1949, that revealed the 
existence of the now familiar immunotypes 1, 2, and 3, so designated in 1951 
by the Committee on Typing of the National Foundation for Infantile Paraly- 
sis, New York, N. Y. 

The paths of the geneticist and the microbiologist have so converged in recent 
years that, for each, the fundamental unit of study is a self-replicated macro- 
molecule: the inheritance of characters, whether of microbes or men, now must 
be understood in terms of this unit. We shall not hesitate, then, to apply the 
terms of classical genetics to the biology of variation in an animal virus. 

Poliomyelitis virus exists as a collection of particles. It is inconceivable 
that this population of replicated units should represent a suspension of identi- 
cal particles. The minor differences from particle to particle, that on long- 
continued propagation and selection can give rise to strain differences, may be 

‘called variations. ‘These are reversible. Major differences that are sudden in 
appearance, infrequent in occurrence, and stable in transmission, are analogous 
to mutations in higher forms and may be so named. ‘These changes are rarely 
reversed. Poliomyelitis virus is propagated experimentally in susceptible cells 
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Virus Population 
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FicurE 1. Possible genetic states of a virus population. 


in vivo or in vilro. The resultant population of particles contained in cells in 
varying stages of disintegration is our object of study. As depicted in FIGURE 
1, this population can exist in one of three states: (1) a single genotype; (2) a 
collection of variants and/or mutants of a single immunotype; or (3) a collec- 
tion of variants and/or mutants of mixed immunotypes. The wide variability 
in the virulence and immunogenicity of poliomyelitis virus, suggested by the 
pioneer work of Flexner, Levaditi, Armstrong, and others, is being confirmed by 
investigations under way in many laboratories. Variants do exist. The ex- 
istence of mutants awaits demonstration. No transformations of poliomyelitis 
virus analogous to the evolution of vaccinia virus from its variola parent or to 
the conversion of fibroma to myxoma virus discovered by Berry and Dedrick 
(1936) are known. Nor is it known whether the stability of virus populations 
is subject to forces as varied and numerous as those agencies (FIGURE 2) that 
can transform cells. 

We can speculate, however. In sexually reproducing organisms, the mecha- 
nisms governing the distribution of chromosomes with their constituent genes | 
among parents and progeny are well defined. The behavior of hypothetical 
genes provides a logical explanation of the real phenomena of segregation, 
linkage, and recombination. We have transferred the terminology of classical — 
genetics to the biology of viruses. Can we also apply its principles? Are the 
observed variations in a virus representative of alteration in viral genes? Are 
the differences derived from the mutation of genes, from the reassortment of 
genes by the combination of dissimilar genotypes, or from temporary changes 
in phenotype induced by environmental pressures? The investigations of the 
virologist are complicated by many factors. He deals with a vast population 
that propagates at an extraordinarily rapid rate. The identification of dif- 


A dissimilar population may emerge from a homogeneous population by mechanisms that 
operate to produce variants and/or mutants by 
A. Mendelian mechanisms ‘ 
B. Extra-Mendelian mechanisms 
1. by cytoplasmic segregation 
2. by genetic DNA transduction (“transformation”) 


3. by genetic “phage-type’’ transduction of single metabolic propert 
4. by establishment of lysogeny f sing PLObeYS, 


Ficure 2. Mechanisms inducing change in the metabolic pattern of a cell. 
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embryonated egg 


Ficure3. The utilization of change(s) in environment as a mechanism for selection of variants and/or mutants 


ferences in individual organisms and the detection of radical changes in heritable 
characters are delayed until the altered unit gives rise to populations of progeny. 
At this point, unfortunately, the progenitor and its immediate descendants 
‘are lost in the crowd. Attention must be directed toward the population 
rather than the individual, and primary metabolic variations must be assayed 
in terms of alterations in virulence or pathogenicity, or other marker, under 
‘controlled environmental and nutritional conditions. The problem of genetic 
analysis of viruses is further complicated because the environmental conditions 
that are the very means of assay are themselves tools for the induction (or 
selection) of variation. Such progressively selective conditions are, as tabu- 
lated in FIGURE 3: (1) the animal host; (2) the route of virus introduction which 
exposes widely different tissues and cells in the host; and, finally, (3) the choice 
of cells in culture. We wish to know whether the virus population is made up 
of genetically different members not equally favored under given environ- 
mental conditions, for survival and propagation. Since different genotypes 
‘must be presumed to have different selection values, the environment becomes 
a determining selective force. Selection is an evolutionary process through 
which each heritable change discovers new potentialities for further change. 
Unlike higher organisms, the virus cannot be observed from afar. The act of 
observation is inseparable from that which is observed. Similar problems have 
beset the demonstration of spontaneous mutation in bacterial cells. The 
efficacy of the methods devised by Luria and Delbriick (1943), Newcombe 
(1949), and Lederberg and Lederberg (1952) is well known. 

Despite formidable difficulties, it is encouraging that the viruses of the bac- 
teriophage and influenza groups likewise have proved susceptible to genetic 
analysis. It seems likely that these findings can be applied to the poliomyelitis 

p of viruses and extended by the use of pure-line cells in culture. The 
‘observation of cultured cells, free from most of the natural and acquired de- 
fenses of the host, has simplified materially the host-virus complex and facili- 
tated the analysis of genetic mechanisms. 

Extraordinary strains of poliomyelitis virus are currently under study. The 
high degree of industry, ingenuity, and achievement shown by Barski, wa. 
Schaeffer, Roca-Garcia, Sabin, Dulbecco, and other participants in this mono- 
graph undoubtedly will stimulate the quest for new variants and shed new 


light on the complex biology of poliomyelitis virus. 
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EVOLUTION OF THE CELLULAR LESION INDUCED BY 
POLIOMYELITIS VIRUS IN VITRO AS STUDIED WITH 
PHASE CONTRAST MICROCINEMATOGRAPHY 


By G. Barski, R. Robineaux, and M. Endo* 


Service des Virus, Institut Pasteur, Paris, France, and Laboratoire de Recherches 
@’ Immuno pathologie, Hopital St. Antoine, Paris, France 


In a preliminary note,! we reported some observations made on poliomyelitis 
virus-infected cells in vitro, fixed and colored by different methods, namely 
Giemsa stain, hematoxylin-eosin, pyronine-methyl green after Unna Pappen- 
heim, Feulgen, and alkaline phosphatase cytochemical reaction after Gomori. 
can methods, in our hands, enabled us to describe the specific lesion as fol- 
Ows: 

An eosinophilic area, at first rather undetermined but soon more precisely 
outlined, appears in the cytoplasm in the vicinity of the nucleus. This central 
mass pushes the cytoplasm and nucleus aside. At this stage, the general baso- 
philia of the cytoplasm increases. This basophilia is always connected with a 
highly positive and generalized Gomori alkaline phosphatase reaction. Mean- 
while, the nucleus degenerates, its membrane shrinks, the nucleoli become 
distorted but remain highly pyroninophilic. In the marginal cytoplasmic 
area, deeply stained basophilic and Feulgen positive granules often appear. 
During the following phase, the colorability of the central mass decreases, and 
so does the general basophilia of the cytoplasm. The cell progressively clears 
up and seems to lose its cytoplasmic content. 

We observed the same pattern of lesions in various types of cells cultivated 
in vitro: human adult and embryonic fibroblasts, human and monkey kidney 
cells. 

The purpose of the present study was a continuous observation of living 
infected cells by means of a moving camera connected with a phase-contrast 
microscope. 


Material and Methods 


The fibroblasts used for this study originated from human tonsils and, before 
their use for experimentation, were maintained by serial passages in roller 
tubes for two or three months. These cells are much larger than average skin- 
muscle fibroblasts. When cultivated, they appear well spread, regular in 
shape, and remarkably resistant to different factors of nonspecific degeneration. 
Their sensitivity to poliomyelitis virus in vilro has previously been established.’ 

For direct examination and recording, the cellular material was explanted by 
the hanging-drop technique in a complete medium, providing the cells, as seen 
in noninfected controls, with optimal conditions for development. 

Before transplantation, the cells were incubated for 30 minutes at room 
temperature with a high titer (10-*) virus suspension. MEF1 type II and 
Mahoney type I strains were used, and no difference in the appearance of 
cellular lesions was noted for either type of the virus. 

* Present address: Institute for Infectious Diseases, Tokyo, Japan. 
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Observations were carried at 36 to 37°C. and 30 to 31°C. respectively. 
The evolution of the cellular lesion was the same at both temperatures, but 
slower at 30 to 31°C. As the general condition of the control cells was better 


at 30 to 31° C., we preferred using the lower temperature. 


Observations 


The observation* of living polio-infected culture cells with the phase-contrast 
microscope generally corroborates observations previously made on fixed and 
stained material. 

In the early stage of infection, around the 20th hour at 30 to 31° C., the most 
conspicuous changes take place in the cytoplasm in its perinuclear zone. A 
more or less homogeneous mass gradually increases in the center of the cell. 
Its texture is different, as were its staining properties, from that of the surround- 
ing normal cytoplasm. Its content remains almost motionless while, in the cy- 
toplasm driven aside toward the cell periphery, signs of activity are still ob- 
vious, and, most strikingly, mobile, filamentous mitochondria persist in it for 
along time. Later on, the diseased and already damaged cell displays a con- 
spicuous dynamic activity showing a bubbling phenomenon quite similar to 
that observed in dividing cells in metaphase. As we have seen previously, this 
stage is characterized by a general basophilia which becomes as intense as it is 
in cells during mitosis in control cultures. 

After the “bubbling” stage, the cell comes to a standstill, the outer layer of 
the cytoplasm showing intense vacuolization resulting finally in the gradual 
disintegration of the outline of the cell. 

This pattern of lesions is never seen in the control noninfected cells, even 
when they display nonspecific degeneration and death. 


Discussion 


The question about the nature of the dense and motionless mass appearing 
and developing in the center of poliomyelitis-infected cells in tissue culture 
cannot as yet be answered. There is no evidence that it represents the site of 
the virus synthesis or of its maturation, though certain data show that, for 
polio, this synthesis is accomplished primarily, if not exclusively, in the cyto- 
plasm.*> ® 

As far as the staining properties of this area are concerned, it may be re- 
called that segregation of the cytoplasmic and/or nuclear content into acido- 
philic and basophilic elements may be looked upon as a more general phenome- 
non in virus-infected cells (e.g., vaccinia-variola, herpes, rabies). Obviously, 
the appearance of these “‘segregated’’ elements can be due to the accumulation 
not only of the virus protein itself, but of other protein material also, resulting 
from the abnormal metabolism in the infected cell. 

It is generally admitted that, in in vitro cultures, the elimination of the virus 
by poliomyelitis-infected cells occurs before the final destruction of the cell at 
a time when the cells still display an active metabolism.? The mechanism of 
this release has remained unknown. According to the quantitative data given 


* Frames from this cinematographic study are given in another publication.’ 
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by Dulbecco and Vogt, by Ackermann, Rabson, and Kurtz’ and, more re- 
cently on single isolated cells, by Lwoff, Dulbecco, Vogt, and Lwoff, this re- 
lease is gradual and different from the bursting of bacteriophage-infected bac- 
teria. As reported above, during the period corresponding to the production 
and the release of the virus, the cell shows, first, active movements; then fast- 
progressing vacuolization and dissolution of the outer cytoplasm. On the 
whole, the moving pictures of this activity have allowed us to discover a strong 
Aemic activity associated with a high morphological instability at the outer 
limits of the infected cell. 

These facts suggest certain mechanisms of virus transfer from a diseased but 
still living cell to the surrounding medium, in which the proper cell activity 
may play a part. 


Summary 


Cultures of adult, human fibroblasts of relatively large size and high resist- 
ance to nonspecific degeneration were infected with types I or II poliomyelitis 
virus and submitted to continuous observation by means of phase-contrast 
microcinematography. A central dense and motionless mass regularly ap- 
peared in the cytoplasm. As this mass increased in size at the expense of the 
cytoplasm, the nucleus was pushed to the periphery of the cell, but the remain- 
ing cytoplasm continued to exhibit signs of vital activity. The “bubbling” 
and vacuolization of the marginal cytoplasm observed in the infected cells are 
considered as representing a possible mechanism for the release of virus before 
the ultimate destruction and death of the cells. 
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EXPERIMENTALLY PRODUCED VARIANTS OF POLIOMYELITIS 
VIRUS COMBINING IN VIVO AND IN VITRO 
TECHNIQUES 


By C. P. Li, M. Schaeffer, and D. B. Nelson 


Communicable Disease Center, Public Health Service, United States Department of 
Health, Education, and Welfare, Montgomery, Ala. 


Recent technologic advances have permitted a variety of laboratory manipu- 
lations that have made possible the selection and study of several variants of 
each of the three types of poliomyelitis virus. Such studies are not only re- 
vealing new and important information on the biologic and genetic constitution 
of the viruses, but are also responsible for the development of methods by which 
variants with specifically selected characteristics may be more readily isolated 
and ‘‘fixed.’’ 

Among the many possible applications there is, of course, the desire to isolate 
highly antigenic but at the same time avirulent or nonneurotropic variants of 
poliomyelitis virus for use in the development of live virus vaccines, following 
a pattern similar to that so successfully demonstrated in yellow fever. 

Much of the effort that has been cast in this direction by us and others has 
resulted in the derivation of highly promising data.'® The information 
presented in this report includes portions of a continuing study concerned with 
the experimental production of variants of poliomyelitis virus, using im vivo 
techniques in rodents, monkeys, and chick embryos. The spontaneous ap- 
pearance of variants following the in vitro cultivation of virus will also be de- 
scribed. 

That the passage of poliomyelitis virus through rodents may result in a re- 
duction of its virulence for monkeys has previously been observed.?:7:8 Re- 
cently, Li and Schaeffer® have shown that strains of virus, types 1 and 3, may 
lose their virulence for monkeys following passage in monkey testicular tissue 
culture. Simultaneously, these variants may acquire other biologic charac- 
teristics. A further variation in type 1 virus was also noted after several alter- 
nate monkey skin passages in vivo and monkey kidney tissue cultures. Ad- 
ditional possibilities for the adaptation of viruses to different tissues exist in 
the application of tissue grafts on the CAM of chick embryos.!° 

Experiments with type 1 poliomyelitis virus. Initial experiments were begun 
with a number of strains of type 1, including the Mahoney strain. The latter, 
after a few passages in monkey testicular tissue culture, exhibited newly ac- 
quired characteristics. Two characteristics that became apparent some- 
where between the 6th and 11th passages were the ability of the variant to 
infect mice via the intraspinal route and its loss of infectivity for monkeys via 
the intracerebral route. Further passage lines were carried out with this 
variant. These lines are shown in TABLE 1. 

Line I, therefore, is the direct derivative of the highly virulent Mahoney 
strain that no longer infects monkeys following inoculation by any route, 
except in an occasional monkey when groups of 6 or 12 are inoculated directly 
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TABLE 1 
LINES OF PASSAGE OF POLIOMYELITIS Type 1 Virus RESULTING IN VARIANTS 
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T = Tissue culture; M = Mouse; MS = Monkey skin. 


into the lumbar portion of the spinal cord. This spinal variant has been desig- 
nated as substrain LS. 

Line II is a variation of Line I, maintained by consecutive intraspinal pas- 
sages in mice with slow but definite increase in virulence for mice. This line 
is designated as substrain LS-a and, in most respects, is similar in behavior to 
LS: 

Line III (LS-b) is derived from Line II and has been “adapted” to infect 
mice via the cerebral route by Stanley,"' Krech,” and in our laboratory.® 

Line IV, substrain LS-c, which is of primary interest at present, was derived 
from Line I by alternate passages in monkey skin and monkey kidney tissue 
culture. This was accomplished by intracutaneous injection of the tissue cul- 

tured virus, the skin biopsied after three to six days, and reinoculated into tis- 

sue cultures. Between the second and seventh of such alternate passages, the 
virus was found to be no longer paralytogenic for mice or monkeys by any 
route, including the intraspinal. 

A total of 250 mice and 75 monkeys (17 cynomolgus and 58 rhesus) have been 
inoculated intraspinally to date with LS-c virus, most of them with undiluted 
tissue culture fluid containing 10~7 tissue culture doses of virus, but some re- 
ceived the culture diluted 1:10, and diluted 1:100. None of these animals has 

~ shown clinical signs of infection, nor have histopathologic changes been ob- 
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TABLE 2 


REACTIONS OF VARIANTS OF POLIOMYELITIS Virus, Type 1, DERIVED FROM 
MAHONEY STRAIN 


Host range 
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ND = not done. 


served in the central nervous system (CNS) of these animals, sacrificed 14 or 
more days following injection. 

The basis for differentiation of the variants which are all neutralized by anti- 
serum prepared against the parent Mahoney strain is presented in TABLE 2, 
which illustrates their distinct reactions in different hosts. 

A passage line of strain LS-c that has exhibited no affinity for cells of the CNS 
by the tests conducted thus far was used to immunize a group of 12 monkeys 
that received, intradermally, 0.5 ml. of undiluted tissue culture fluid contain- 
ing 10~7 tissue culture doses per ml. Only one of these monkeys exhibited 
evidence of mild poliomyelitic infection when challenged intramuscularly with 
the virulent Mahoney strain, while 6 of 11 controls succumbed with prostrating 
paralysis. 

Two chimpanzees given 0.25 ml. of this virus intracutaneously developed no 
signs of infection, had no viremia, nor did they shed virus in their stools. They 
responded, however, with antibody titers of 1:32 and 1:64 in neutralization 
tests against 100 tissue culture doses. The duration and protective effect of 
this antibody response remains to be determined. 

Experiments with type 3 virus. Type 3, Leon poliomyelitis virus was adapted 
to mice by intraspinal passage by Li and Habel," and has been designated as 
substrain LH. This virus, maintained in this laboratory by consecutive mouse 
intraspinal passages, has increased in virulence for mice and retained, to some 
extent, its pathogenicity for monkeys. After 72 mouse passages, the LH 
strain was passed into monkey testis tissue culture. Following one such culture 
passage, only two of eight mice inoculated were paralyzed although the tissue 
culture titer was 10~*. Repeating this, with material from the 72nd mouse 
passage, the virus propagated again through only a single monkey testis tissue 
culture failed to infect any of eight mice inoculated intraspinally. Subse- 
quently, none of 106 mice has developed symptoms of poliomyelitis when inocu- 
lated with further subcultures of this virus in monkey testis tissue cultures. 
Included in this group are mice inoculated with material receiving from two to 
six monkey kidney tissue culture passages after the 15th testis tissue culture 
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TABLE 3 
PASSAGES AND TITERS OF TypE 3 (Leon) Poriomyetiris Virus 
Material inoculated I. S. into mice 
Passage* Titer in T. C. 
Undil. 1/10 1/100 1/1000 
Mss 8/11 | 
Mas—M73 er ee 232/305 
Meg pe 6/8 2/8 1/8 
Meo—M79 127/156 ; : 
Min > 10-3.0 8/9 
Mio-Min >10°-38 90/99 
MpTy 2/8 
M72T; (repeat) 0/8 
MTs 1075.0 0/10 
Mili 10750 0/40 0/12 0/12 
MrT isKo 0/12 0/12 
MyTi;Ks 0/20 0/20 
MTisKe 10°60 0/12 0/12 
MioiK» 19/20 2/10 1/10 
MioiKs; 10°45 19/20 16/20 6/20 
Mink; 6/9 


* Abbreviations: 
M = mouse intraspinal passage. 
T = monkey testis tissue culture passage. 
K = monkey kidney tissue culture passage. 
Number indicates number of successive passages made. 


passage. This variant, therefore, is regarded as differing from the LH spinal 
variant and is designated as substrain LH-a. 

Two attempts were made to duplicate these results, using monkey kidney 
tissue culture in place of testis tissue culture. As illustrated in TABLE 3, when 
strain LH in mouse passage 101 was passed in monkey kidney tissue cultures 
there was no evidence of alteration of mouse pathogenicity, even after five 
such passages. 

In addition to loss of mouse virulence, substrain LH-a appears also to have 
lost monkey pathogenicity by the intraspinal route. Of six monkeys thus 
inoculated, only one showed mild symptoms and minor histopathologic changes 
confined to the site of inoculation. Of 12 monkeys inoculated intraspinally 
with this strain of virus after 17 testis tissue culture passages followed by 3 al- 
ternate monkey skin and tissue culture passages, none had clinical or histo- 
pathic signs of infection. 

Another interesting difference between the mouse-maintained substrain LH 
and the testis tissue culture altered variant LH-a is their different cytopathic 
reactions observed when they are cultured in monkey kidney cell culture prepa- 
rations. Strain LH-a displays a reaction that is more or less typical of cyto- 
pathogenic changes observed with poliomyelitis viruses. The first signs of 
degeneration nearly always appear 24 hours after inoculation. The sheets of 
cells are quite uniformly attacked and, after degeneration is well under way, 
the surrounding clumps of tissue then begin to show degenerative changes. 
Destruction of the cells in a tube is usually complete after three to five days 
(FIGURE 1). 
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Ficure 1. Typical cytopathogenic effect in monkey kidney tissue culture three days after inoculation with 
type III (Leon) substrain LH-a poliomyelitis virus. 380. 


With strain LH, however, the first stages of degeneration begin, or at least 
appear most prominent, in the tissue clumps. As degeneration progresses, the 
sheets of cells are also attached, but only spottily, leaving groups of apparently 
normal cells intact (FIGURE 2). Signs of degeneration are rarely visible before 
120 hours after virus is added and the total reaction is seldom complete before 
10 days. By this time, however, a certain amount of nonspecific degeneration 
begins to set in, rendering end-point determinations of virus titrations d fficult. 

Preliminary experiments with the cultivation of virus in skin grafts on the 
chorioallantoic membrane of chick embryos. The successful cultivation of 
poliomyelitis virus in monkey kidney and skin tissue fragments grafted onto the 
chorioallantoic membrane (CAM) of chick embryos has been reported pre- 
viously.!° Among the many possibilities afforded by such a system is its use 
as an intermediate step in the adaptation of the virus types to the chick tissues. 
In addition, it might serve as a means of adapting suitable virus strains to the 
extraneural tissues of primates and humans. A nonneurotropic poliomyelitis 
virus capable of multiplying in monkey or human skin would have particularly 
desirable attributes with obvious practical applications. 

With this goal in view, strain LS-c, in passage MSi0Ts3 (TABLE 1), has been 
carried in a series of consecutive passages in monkey skin grafted on the CAM 
of chick embryos. With aseptic precautions, pieces of skin were biopsied from 
the abdomen of normal cynomolgus monkeys. These were trimmed of all 
visible excess fat and subcutaneous tissue and cut into two mm. cubes. Five 
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or six such fragments suspended in tissue culture growth medium were then 
deposited with a pipette onto the dropped CAM of the seven-day-old windowed 
chick embryo. The window was covered, the egg incubated for 24 hours, after 
which about 0.5 ml. of virus suspension was deposited on the surface of the 
grafted tissue. After further incubation for about seven days, the grafted area 
and the allantoic fluid were harvested and titrated in monkey kidney tissue 
culture for virus content. The skin graft, ground and put into a 5 or 10 per 
cent suspension in neutral Hanks’s solution, was further passaged in 0.5 ml. vol- 
ume to skin-egg grafts. TABLE 4 shows the results of this procedure carried 
through 19 consecutive skin graft or occasional allantoic fluid to skin-egg pas- 
sages. Skin-graft titers have remained relatively high throughout the series 
of passages, while allantoic fluid titers originally less than 10~°°, though 
fluctuating with passage, have tended to increase about two to three logs in 
virus content. 

That multiplication of virus occurs in this system is evidenced by the high 


TABLE 4 
PASSAGE OF TypPE 1 POLIOMYELITIS VIRUS IN MONKEY SKIN GRAFTED ON 
CAM or Eccs 
Tissue culture titer 
Passage strain LD-c MS10T4s 
Skin graft Allantoic fluid 

Pane >1055 ND 

Eee 10; °° ND 
Esa 10-60 <10-5 

Baa >10740 ND 
Ea 1073-5 <107-5 
Fea 10°2-5 <1079-5 
Eva 1074-0 10-0.5 
Esa 10°40 <1079.5 
Eoa Allan. fl. 1055-5 >10°2-5 

A 
Enoa Allan. fl. NS 1077-0 10740 
SWS 

\ Enoot 1077-0 1071-5 

Enta N\ 1075-5 ND 
Enp 10°60 1071.0 
Fiza 10-6.0 107-5 
Ease Allan. fl. 10-6.0 1074.0 

ES 
Evsa SS 1076.0 1074-0 
Bn 1075-5 1072-5 
Skin graft Eisp 10-5.0 1073.9 
Re i 
Et6a Allan. fl. 10-6.0 10-3.0 
N\ 

‘ Exep 105-0 10-20 
Fiza 10-5.0 1073-0 
Fiza 10-6-0 10-3.0 
Eiga 1075.0 10>2-0 

*a = ski ft to ski f 
ib = allantole uid to, skin pitt pesuige. 
ND = not done. 
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titers maintained in the skin graft after 19 consecutive passages and the in- 
crease of virus by two to five logs in the graft seeded with allantoic fluid as 
passage material. At which site, or in which cells, the virus multiplies has as 
yet not been determined. When the skin graft ‘‘takes,” the implant becomes 
rapidly engulfed by the CAM, and there is little necrosis or degeneration. 
Proliferation of the connective tissue and invading chick capillaries, as evi- 
denced by nucleated erythrocytes, are seen penetrating into the grafts and 
establishing circulation (see FIGURES 3 and 4). When virus is added to such 
grafts, no cytopathogenic reactions are recognized in either the donor or recipi- 
ent cells, although virus proliferation apparently occurs either in or at the site 
of the graft. Virus present in other areas of the embryo is probably dissem- 
inated there by diffusion and spillage. 


Discussion 


The accomplishments thus far are indeed short of the desired goal, since 
there are not as yet satisfactory criteria for prescribing the safe and effective 
utilization of avirulent virus variants for the immunization of humans against 
poliomyelitis. There are, however, some aspects of this study worthy of em- 
phasis. Of particular interest are phases concerned with the methods of elicit- 
ing and recognizing changes in the characteristics of variants. 

Pathogenicity for mice, especially via the spinal route, has served as a sensi- 
tive selector of variants that otherwise might have been missed. Observations 
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concerned with this characteristic, noting first its apperance, then its disap- 
perance, have been responsible for the isolation of strains of types 1 and 3 virus, 
which are also avirulent for monkeys. It is interesting, however, that the 
changes occurred during growth in tissue culture and not in the mice. 

Noteworthy, also, is the fact that monkey testis tissue cultures, which are 
generally less favorable than kidney cell cultures for poliomyelitis virus pro- 
liferation seem to favor the emergence of avirulent mutants. A single passage 
of virus through monkey testis tissue culture resulting in the complete eradica- 
tion of its virulence for mice is, indeed, a dramatic effect. Whether this is an 
accidental or reproducible phenomenon will be established by further investi- 
gation of the role of various tissue culture media in this respect. 

The application of additional techniques such as the Dulbecco plaque 
method" and others will exhibit more of the inherent characteristics of the 
known virus strains. Moreover, the potentials of current techniques and those 
of newly devised ones should serve to uncover the existence of hitherto unrecog- 
nized strains possessing important and desirable properties. Some of these 
will undoubtedly be useful in the production of efficient live virus vaccines 


Summary 


Methods combining in vitro and in vivo techniques are utilized for the isola- 
tion and characterization of avirulent variants of types 1 and 3 poliomyelitis 
virus. The pathogenicity for mice via the intraspinal route was used as an 
important criterion for detecting their apperance, although the variants oc- 
curred spontaneously in monkey testis tissue cultures. 

A series of preliminary experiments is described, utilizing monkey skin tis- 
sues grafted onto the chorioallantoic membrane of chick embryos for the suc- 
cessful proliferation of type 1 virus. This investigation is being pursued with 
a view toward adaptation of the virus either to the chick tissues or monkey 
skin. 

The significance of these studies and their application toward the develop- 
ment of a live virus vaccine are discussed. 
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EXPERIMENTALLY PRODUCED POLIOMYELITIS VARIANT IN 
CHICK EMBRYO 


By Manuel Roca-Garcia and George A. Jervis 


Virus and Rickettsial Section, Research Division, American Cyanamid Company, Peart River, 
N. Y., and Division of Laboratories, New Vork State Department of Mental Hygiene, 
Letchworth Village, Thiells, N.Y. 


The cultivation of the MEF; strain of type 2 poliomyelitis virus in the de- 
veloping chick embryo has been reported in previous papers.!:2. This commu- 
nication presents an amplified study of series R-382 of the chick-embryo 
adapted strain, and provides evidence of the modification of the pathogenicty 
of the virus for primates and maintenance of its antigenic stability after chick- 
embryo adaptation. 


Materials and Methods 


Virus. The origin of series R-382 has already been described.! FicureE 1 
illustrates the history of the passages, starting with virus from hamster brain 
and cord material that was passaged in mice and then adapted to the chick 
embryo. The method of passage was similar to that followed previously,! 
except that the dose of virus for egg inoculation after the 40th generation was 
0.2 ml. instead of 0.6 ml., and the eggs were incubated for five days rather 
than seven. For the exposure of monkeys and chimpanzees, suspensions of 
chick embryo material were used representing egg passages between the 22nd 
and 104th transfers, as specified in the descriptions of the several experiments. 

Chimpanzees and monkeys. Chimpanzees six to nine months old and rhesus 
and cynomolgus monkeys weighing six to nine pounds were used. 

Neutralization tests. For antibody determination by mouse neutralization 
tests, MEF, virus from the 64th hamster passage was used.* A standard 
Lansing type hyperimmune serum routinely employed in this laboratory’ 
served as control. 

Methods of infection. The primates were fed the virus mixed with cream 
through a rubber-tipped syringe. Intracerebral inoculations of monkeys were 
made in the thalamic region, and consisted of 0.5 ml. of 20 per cent chick-embryo 
suspension. Monkeys injected intraspinally received 0.1 ml. of 20 per cent 
chick-embryo suspension in the space between the first and second lumbar 
vertebrae. Intramuscular inoculation of chimpanzees and monkeys was made 
into the muscles of the hind legs and, for the intravenous inoculation of mon- 
keys, 2.5 ml. of 20 per cent chick-embryo suspension mixed with an equal 
amount of heparin solution containing 20 units per ml. was injected in the 
femoral vessels. 

Clinical observations and pathological study. Monkeys were observed for at 
least one month following exposure to virus, and chimpanzees for six months. 
Body temperatures were taken daily during the first month of observation. 
If an animal died, either with or without definite signs of paralysis, the central 
nervous system was examined histopathologically. Extensive histological exam- 
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Ficure 1. Origin of the MEF, chick embryo adapted strain (series R-382) 


ination was also done on the spinal cords of all symptomless monkeys injected 
intracerebrally, intraspinally, and intravenously, at the end of the one-month 
observation period. All animals were bled for antibody determinations before 
the experiments began, and at intervals thereafter. 
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Histopathological examinations of the central nervous systems of monkeys 
were performed on celloidin sections stained by the Nissl method. Cellular 
losses in the anterior horn of the spinal cord were estimated by Bodian’s pro- 
eodure.° 

Tissue cultures. Stationary test tubes were used, each containing 1.0 ml. 
of trypsinized renal epithelial cells of monkeys® in medium 199, with peni- 
cillin and streptomycin added to a final concentration of 100 units and 0.1 
mg. respectively per ml. Each tube received an inoculum of 0.1 ml. of the 
material to be tested. Three or four tubes were inoculated per sample. After 
incubation at 37° C. for three or four days, the cultures were examined for 
cytopathogenic effect and graded according to the cellular destruction. The 
supernatant fluids were then harvested, pooled by samples, and transferred to 
new tissue culture tubes. Material from each pool was also titrated by ten- 
fold dilutions intracerebrally in mice. 


Experimental 


Chick embryo. Series R-382 virus has so far been passed through 133 chick 
embryo generations without any difficulty, demonstrating the ready adaptation 
of the MEF; strain to this host. FrcurE 2, which gives LD50 mouse titers for 
each 8th passage between the 8th and the 126th transfers, shows that the 
virus reached and maintained a titer of log 4.5 to 6.0 after the 50th serial pas- 
sage. 

Ee yoreiiaiey for the chick embryo. Two experiments were performed in 
order to study the course of infection and to investigate whether any patho- 
logical changes occurred in the infected developing chick embryo. In the first 
experiment, 201 seven-day-old chick embryos were injected with 33rd egg pas- 
sage material, each embryo receiving 5,330 mouse LD5p doses of virus. At the 
same time a control batch of 54 eggs, of the same age and source received nor- 
mal chick-embryo material as inoculum. All eggs were incubated under the 
same conditions. Starting the first day after inoculation, blood, yolk sac, 
embryo body, and brain were harvested from live infected embryos, and the 
concentration of virus in these organs was determined. No virus determina- 
tions were attempted for the amniotic and allantoic fluids, both of which pre- 
viously had been found to contain traces of virus only. Pathological studies 
were made of live embryos from both infected and control groups. The re- 
sults of this experiment, with special reference to the pathological findings, 
have already been described,’ and are only briefly summarized here: the virus 
infection interfered with the growth of the embryo, occasionally causing death; 
specific lesions were observed in 96 per cent of the infected embryos upon 
histological examination of the nervous system between the 5th and 17th days 
after inoculation; and myocarditis, probably caused by the poliomyelitis in- 
fection, was present in 6 out of 26 embryos showing specific lesions. 

In the second experiment, 105 seven-day-old embryos were infected with 
high (113th) egg passage material, each embryo receiving 173,320 mouse LD 50 
doses of virus. Incubation was carried out as before. This time no patho- 
logical investigations were made. The course of the embryonal infection has 
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FicureE 2. LDs50 mouse titers of MEF: strain (series R-382) at various passage levels in chick embryo 


been visualized in FIGURE 3 by plotting the mouse LD so titers of virus recov- 
ered from blood, yolk sac, brain, and embryo body each 24 hours, from the 1st 
to the 18th day after inoculation. The chart shows that virus, after early 
multiplication in the yolk sac, rapidly reached the blood stream, spread to the 
body, then to the brain, and reached peak concentration in these latter two 
tissues on the fourth and fifth days after inoculation. The virus content of 
the yolk sac fell rapidly, starting on the fifth day and remained low thereafter. 
In the blood, virus diminished gradually, but considerable amounts could still 
be demonstrated up to the time of hatching and even in one-, two-, and three- 
day-old chicks. The titers of virus in the body and brain dropped slowly after 
the fourth and fifth days, with the concentration in the brain being consistently 
higher than in the body, but virus was still present in both up to the time of 
hatching, and traces demonstrated in brain suspensions obtained from one-, 
two-, and three-day-old chicks. The MEF! strain appears to multiply and 
spread in the chick embryo in much the same way as the 17D strain of yellow 
fever virus was described by Fox and Laemmert® as doing in the same host. 

The virus distribution, as well as the pathological findings, suggested that 
the stage of extraneural infection was followed by neural invasion with high 
titers of virus and specific poliomyelitis lesions in the nervous system. 
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pee 3. Daily distribution of virus in chick embryos infected with MEF: virus (series R-382-113th egg 
passage). 


Studies were next undertaken to determine the pathogenicity of the chick- 
embryo adapted strain for primates, and to find out whether or not it possessed 
antigenic capacity. 

Pathogenicity for chimpanzees. Four chimpanzees received 2.0 ml. of 20 per 
cent chick-embryo suspension containing 10,800 mouse LD;0 doses of virus 
representing the 22nd egg passage (TABLE 1). Two animals were fed the 
inoculum, and two were injected intramuscularly. The chimpanzees failed to 


TABLE 1 


RESULTS OF EXPOSURE OF CHIMPANZEES TO MEF, Cuick-Empryo ADAPTED 
STRAIN (SERIES R-382-22NpD PASSAGE) 


First exposure Second exposure 
Animal No. ous Neut. index Neut. index 15 
Dose 30 days after Dose days after 2nd 
exposure exposure 
1 Oral 4.0 0 6.4 is 
2 Oral 4.0 0 6.4 BS 
3 I.M. 4.0 tats Sete 2.8 
4 ILM. 4.0 1.4 EO 4.0 


Dose and neut. index expressed in mouse LD as log to base 10. 
No virus in blood 1 to 12 days after 1st exposure. 
No virus in stools 4 to 21 days after 1st and 2nd exposure. 
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TABLE 2 


DuRATION OF IMMUNITY IN CHIMPANZEES EXPOSED TO MEF, Cuick-EMBRYO 
ApAPTED STRAIN (SERIES R-382-22ND PassaGE) 


Second exposure (1 month after 1st) 
First 
Animal No. Route exposure Neut. indices after 2nd exposure (days) 

| dose 

| Dose 

30 | 45 / 60 180 

| —w % | 
1 Oral 4.0 6.4 Lisd 1.3 2.0 1.9 
2 Oral 4.0 6.4 1.8 £5 2.4 193 
3 IM. 4.0 5.6 1.8 120 bers Bee 
4 IM. 4.0 5.6 4.0 Shae! Sail 2-5 


Dose and neut. index expressed in mouse LD: as log to base 10. 
No virus in blood 1 to 12 days after Ist exposure. 
No virus in stools 4 to 21 days after 1st and 2nd exposures. 


show any signs of illness during a 30-day observation period, and no virus was 
isolated from blood specimens taken 1 to 12 days after exposure. The animals 
exposed by the oral route did not develop antibodies, and those injected showed 
only an equivocal antibody reaction. The four animals were re-exposed, with 
the same material and by the same route as before, but this time 2,200,000 
mouse LDs5» doses were fed and 440,460 injected. The results are summarized 
in TABLES 1 and 2. Fifteen days after the second exposure, the sera of all 
animals contained antibodies, and the persistence of immunity is indicated by 
the neutralization indices of blood specimens taken 30, 45, 60, and 180 days 
after the second exposure. No virus could be detected in stools collected from 
the 4th to the 21st day after the first and second exposures. 


Pathogenicity for Monkeys 


Intracerebral inoculation. The pathogenicity of the series R-382 strain of 
virus for monkeys was first tested by the intracerebral inoculation of 0.50 ml. 
of 20 per cent chick embryo suspensions from the 32nd, 42nd, 62nd, 71st, 
82nd, 93rd, and 104th passages into groups of four to six monkeys each (TABLE 
3). One monkey alone out of 35 showed any clinical sign of poliomyelitis: 
in this case, tremor. Histopathological examination revealed spinal cord 
lesions in only eight of the animals, with the highest cervical or lumbar cellular 
loss 55 per cent in one monkey and 60 per cent in another. . 

In addition to the above experiment, another was performed in which ma- 
terial from the 71st chick embryo passage was titrated intracerebrally in rhesus 
monkeys. Four monkeys were injected per tenfold dilution of virus from 
10~ to 10° (20 per cent chick-embryo suspension was considered as undiluted 
material and had a mouse LD, titer of 10-4). None of the animals presented 
any poliomyelitis signs during one month of observation, and histological 
examination revealed no spinal cord lesions. 

Intraspinal inoculation. Eight cynomolgus monkeys were injected intra- 
spinally with inocula from the 71st egg passage (TABLE 4). One-tenth ml. of 
20 per cent chick-embryo suspension, representing 33,320 to 86,600 mouse LD50 
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TABLE 3 


RESULTS OF INTRACEREBRAL INOCULATION OF MONKEYS WITH DIFFERENT PassaGE LEVELS 
oF MEF, Cuick Empryo ADAPTED STRAIN (SERIES R-382) 


= Pier ee Percentage of cellular loss in 
* . : monkey 
CE. Passage infected —_{eRatigyof monkeys | vith spinal cord. uae ee 
lesions 
Cervical Lumbar 
32 5.5 0/4 2/4 Bs <10 
20 18 
42 5.2 0/4 0/4 
62 55 0/4 0/4 
4.8 0/6 1/6 20 20 
15 18 
71 6.0 0/54 3/5 F 60 
10 20 
82 6.0 0/4 1/4 39 42 
93 5.5 0/4 0/4 
104 6.5 1/4t 1/4 34 55 
* Mouse LDso expressed as log to base 10. 
+ Cynomolgus monkeys, others rhesus. 
t Tremors. 
TABLE 4 


RESULTS OF INTRASPINAL INOCULATION OF CyNomMoLGUS MONKEYS wiTH MEF, 
CuickK-EMBRYO ADAPTED STRAIN (SERIES R-382-71st PASSAGE) 


Spinal cord lesions 
Dose* eT oe with Per cent cellular loss 
Cervical Lumbar 
4.9 0/4 0 0 
0) 0 
0 0 
0 0 
4.5 0/4 0 0 
19 27 
0) @) 
0 0 


Inoculum: 0.10 ml. 20% C.E. suspension. 


* Expressed in mouse LDs0 as log to base 10. 


doses of virus, was given each monkey. No signs of illness were observed in 
any of the animals. The cords of all the monkeys were examined histopatho- 
logically. Cellular loss was found in the cord of only one monkey, and that 
was low. 

Intravenous inoculation. Four cynomolgus monkeys received intravenously 
450,000 mouse LD 50 doses representing the 71st egg passage of the virus. None 
of the animals became ill during the observation period, and no evidence of 
inflammatory changes nor appreciable cellular loss was found in the examina- 
tion of their spinal cords. 

Intramuscular inoculation. In another test, 71st chick-embryo passage was 
injected intramuscularly three consecutive times into seven cynomolgus mon- 
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TABLE 5 
Resutts or I.M. InocuratTion oF MEF; Cuick-EmMBryo ADAPTED STRAIN 


(SERIES R-382) into CynomoLcus MONKEYS 


1st Inoculation 2nd Inoculation 3rd Inoculation 
N f é 
aes Neut. index* Neut. index* Neut. index* 
Dose 21 days Dose 15 days after Dose 21 days after 
after inoc. 2nd inoc. 3rd inoc. 
3 6.2 prea 6.3 Des) 6.3 3.0 
4 6.2 Dell ins Sh) 6.3 3.4 


Inoculum: 5.0 ml. 20% C.E. suspension. 
Dose and neut. index expressed in mouse LDso as log to base 10. 
* Pooled sera. 


keys (TABLE 5). The first dose represented 1,433,000 mouse LD 5p ; the second, 
25 days later, 1,866,000; and the third, after an interval of 40 days, 1,966,000. 
None of the animals presented any signs of poliomyelitis during an observa- 
tion period of 100 days, and specific antibodies were demonstrated in two pools 
of sera consisting of blood samples from three and four animals respectively. 
Significant neutralization indices of 10°! for the first pool and 10°’ for the 
second were obtained 21 days after the first inoculation, and the booster effect 
of the second and third inoculations was indicated by successive increases in 
neutralization indices. 

Oral inoculation. At the same time that the 71st egg passage virus was in- 
jected intramuscularly into cynomolgus monkeys, it was also fed three con- 
secutive times to 12 animals of the same species (TABLE 6). The first feeding 
consisted of 2,866,000 mouse LD 59 doses of virus, the second of 3,732,000, and 
the third of 3,833,000. Four of the monkeys of this group were used as con- 
trols for possible virus excretion. No virus was demonstrated by the intra- 
cerebral mouse inoculation of material from pools of daily stool samples col- 
lected between the 4th and 16th days after the first feeding. None of the mon- 
keys showed signs of illness during the 100-day observation period. No 
satisfactory antibody reaction was demonstrable in pools of sera from four 


TABLE 6 


RESULTS OF ORAL INOCULATION OF MEF, CuicK-EMBRyO ADAPTED STRAIN (SERIES R-382) 
IN CynomMotcus MONKEYS 


ist Feeding 2nd Feeding 3rd Feeding 


No. of animals i 
Neut. index* Neut. index* Neut. index* 
Dose 21 days after Dose 21 days after Dose 21 days after 
feeding feeding feeding 
4 6.5 1.0 6.6 0.3 6.6 0.6 
4 6.5 0.7 6.6 0.9 6.6 iMG? 
4 6.5 0.2 6.6 0.8 6.6 a bes | 


Inoculum: 10.0 ml. 20 per cent C.E. suspension per feeding. 


Dose and neutralization index expressed in mouse LD5o as log to base 10. 


* No virus was demonstrated by intracerebral inoculation of mice with poole i 
collected daily 4th to 16th days after feeding. 3 2 stock suspension Sa 
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monkeys each obtained 21, 15, and 21 days after the first, second, and third 
feedings, respectively. 

Behavior of the virus in tissue culture. Serial passages in trypsinized monkey 
kidney tissues were established in order to determine whether the MEF, chick 
embryo adapted strain maintained the general characteristics of the parent 
poliomyelitis virus; 7.e., the ability to grow and produce cytopathogenic effect 
in cultures of monkey renal epithelial cells. Tasie 7 summarizes the results of 
two experiments, for each of which the inoculum was chick-embryo suspension 
from the 71st egg passage. In the first, initiated with 133,200 mouse LD5o 
doses, the virus was maintained in serial passages up to the 23rd generation, 
when it disappeared. In the second, with an inoculum of 25,320 mouse LD 55 


TABLE 7 


RESULTS OF SERIAL MONKEY KIDNEY TISSUE CULTURE PASSAGES OF THE 
MEF, Cuick-EMBRyYO ADAPTED STRAIN (R-382-71st EGG PAssaGE) 


Experiment 1 Experiment 2 
Passage No. Cytopathogenicity Cytopathogenicity 
Mouse LD50 Mowe oe 
titer* ; iter* 
No. | Deere Ne, | pees 
1 4 0 Sill 4 0 2.6 
2 4 0 3.0 4 0 2EO 
3 4 0 1.6 4 0 5s) 
4 4 0 3.0 4 0 2S 
5 4 0 225) 2 ee cineimet 0.6 
1 als 
6 4 0) Giuk 3 0 eS) 
7 4 0 2.0 4 0 1.8 
8 4 0) 1.0 4 0) 1.0 
9 4 0 2.5 3 0 it 
1 a 
10 4 0 1.0 4 0) 0 
ily 2 re ta 1.0 4 0 1.0 
3 
12+ 1 eae Dell 3 + ilo 
3 
13 2 ++ a0) 4 0 1.5 
Z ae 
14 4 0 1.5 3 0 1.6 
15 4 0 <1.0 3 0 2 
16 4 0 <1.0 3 0 1.5 
17 4 0 0.5 4 0 <0.5 
18 4 0 <1.0 4 cols 0.5 
19 2 pa ee <0.5 3 0 
2 | ++++ , 
20 4 | ++++ | <0.5 
21 5 0 <0.5 
De, 3 0 <0)..5) 
23 3 0 EU) 


Inoculum for experiment 1—21,320 mouse LDso - 
Inoculum for experiment 2—25,320 mouse LDso . 


* Expressed as log to base 10. ; : 
tT Baitive tubes only used for passage and mouse titration. 
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doses, the virus was passed up to the 18th generation. Some cytopathogenic 
activity was apparent in each series. 

In order to find out if the virus still retained its capacity to grow in the chick 
embryo after passages in monkey kidney tissue cultures, supernatant from the 
10th subculture of the first series and a pool from the 11th and 12th passages 
of the second series were injected into eggs. In spite of the low concentration 
of virus inoculated—330 mouse LD59 doses in one instance and 1,630 in the 
other—the two series have now gone through 6 and 16 serial passages in eggs. 

Since the virus had showed some cytopathogenic effect in tissue culture, it 
was thought advisable to determine whether the agent might have regained 
virulence for primates. Two rhesus monkeys were injected intracerebrally 
with 0.5 ml. of undiluted material containing 16,665 mouse LD5o doses of virus 
from the 13th passage of the first tissue culture series. Neither monkey showed 
clinical signs of illness, nor were lesions discovered in the pathological exam- 
ination of their spinal cords. 

Attempts to establish serial monkey passages. Attempts were made to estab- 
lish serial passages in rhesus and cynomolgus monkeys by the intracerebral or 
intraspinal inoculation of virus. These experiments were undertaken in order 
to determine whether the chick embryo adapted strain would increase in viru- 
lence or regain pathogenicity after several passages in primates. 

One attempt at intracerebral serial passage was performed in rhesus monkeys. 
It was initiated with 133,200 mouse LD5o doses of virus per animal, using an 
inoculum of 0.5 ml. of 20 per cent chick embryo suspension from the 71st egg 
passage. Pairs of monkeys were used in each of three passages. One animal 
was sacrificed seven days after inoculation, and its spinal cord made into a 20 
per cent suspension which was passed into two additional monkeys. The 
cord suspension was also titrated intracerebrally in mice. One monkey of each 
pair was kept as control for one month of observation for clinical signs and 
histopathological study. A similar series of passages was performed in pairs 
of cynomolgus monkeys. In both experiments, the same negative results were 
obtained: no virus was demonstrated from the first passage nor from subse- 
quent “‘blind”’ passages. The control monkeys did not develop any clinical 
signs of poliomyelitis, nor were pathological lesions found in the cords. 

The establishment of intraspinal serial passages was tried in cynomolgus 
monkeys (FIGURE 4). This time, an initial dose of 21,320 mouse LD 5p of virus 
was used from the same egg passage that began the preceding series, with an 
inoculum of 0.1 ml. of 20 per cent chick embryo suspension. Again, pairs of 
monkeys were injected, one in each pair serving as control, and the spinal cord 
of the other being made into the 20 per cent suspension for monkey passage and 
titration in mice. This series was carried through five passages. From the 
first three, virus was recovered with the following mouse titers: 10-27, 10-13, 
and 10-°-*. In the two following passages, the virus disappeared. It could 
not be demonstrated either by mouse or by tissue culture blind passages. None 
of the control monkeys showed any clinical signs of poliomyelitis. The con- 
trol monkey of the first passage presented mild spinal cord lesions. The cell- 
ular loss was 27 per cent cervical and 28 per cent lumbar. The other con- 
trol monkeys had no histological cord lesions. 
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R-382-71 
20% C.E. 0.10nl. Passage inoculum = 
21,320 Mouse LDso 0.10 ml. 20% Cord Suspension 


* Mouse LDso of Cord Suspension 
as Log to base 10 


N = No signs ~ no pathological 
lesions 

X= No signs-mild spinal 
cord lesions 


FIGURE 4. Attempted serial intraspinal passage of MEF1 chick embryo adapted strain in cynomolgus monkey 
(series R-382-71st passage). 


The virus, after the monkey passages, retained its ability to grow in the 
chick embryo. Serial egg passages were re-established with inocula of brain 
and spinal cords from mice infected with cord suspension from the third mon- 
key “blind” passage, and from the monkey cord directly. 


Summary and Conclusions 


Results of studies are presented indicating that a variant of the MEF; strain 
of poliomyelitis virus which has been propagated serially in the chick embryo 
has the following characteristics: 

(1) Modified pathogenicity for primates. It induced a mild poliomyelitis 
attack in only one monkey out of 35 injected intracerebrally, and produced 
slight histological spinal cord lesions in 8 of the 35 animals. No poliomyelitis 
signs were developed by eight monkeys injected intraspinally, and only one 
had spinal cord lesions. When given by the intramuscular route to cynomol- 
gus monkeys, in repeated large doses, the virus brought about no poliomyelitis 
symptoms, but induced the development of specific antibodies. Chimpanzees 
infected intramuscularly or orally did not develop intestinal carriage, nor did 
they show any poliomyelitis signs. Their sera, however, revealed specific 
antibodies. The virus appeared to be avirulent for cynomolgus monkeys ex- 
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posed orally by repeated massive doses, and for animals of this species injected 
intravenously. 

(2) Lack of ability to induce uniformly a cytopathogenic effect when grown 
in cultures of trypsinized monkey kidney tissue, and no ability to multiply 
properly in such cultures as compared with the parent strain. 

(3) No apparent tendency to regain virulence by serial intracerebral or 
intraspinal passages in monkeys. 

(4) Maintenance of its growth characteristics in the chick embryo, even 
when subinoculated from tissue culture or monkey passages. 

The above facts, showing the loss of virulence of the chick embryo-adapted 
strain for primates, the stability of the modified virus, and the retention of its 
immunogenic capacity for chimpanzees and cynomolgus monkeys, naturally 
suggests investigating the use of this variant as an immunizing agent for man. 
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Discussion of the Papers 

Doctor Hirary Koprowski (Lederle Laboratories Division, American Cy- 
anamid Company, Pearl River, N. Y.): The production of variants is usually 
approached in either of two ways. The first method—that followed in the 
two preceding papers—is the orthodox procedure: The virus is introduced 
into a host not susceptible in the ordinary course of events, and the appearance 
of variants is awaited as the virus propagates in the new milieu. Viral litera- 
ture is filled with descriptions of the production of such variants. Sometimes, 
the adaptation may be to a different organ or tissue rather than to a new host. 

The second approach, the intentional, is a contemporary one. It is an at- 
tempt to change the characteristics of a viral population according to certain 
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TABLE 1 
PATHOGENICITY FOR MONKEYS OF Two SUBLINES oF TN STRAIN POLIOMYELITIS 
. VIRUS 
Paralytic ratio of monkeys at various 
rece PDs ones dilutions of virus 
1072 10-2 | 10-3 | 10-4 10-5 | 10-6 
35 CR Shae iC | 22/44 | ha 
ee + 47 TCt 4.2 Le 0/4 0/4 | 1/3 | 1/3t | 0/3 | 0/3 
mouse (PRI) Sit Le. 0/4 0/4 | 0/4 | 0/4 0/4 
4.7 iS, 0/4 0/4 | 0/4 | 0/4 


CR = cotton rat; TC = tissue culture. 
* At 107! dilution. 

+ Eleven passages at limited dilutions. 

t Progeny test: 4.2 PDso into monkeys: 0/8 P.R. 


genetic principles known or assumed to be true. This is a demanding and often 
controversial task. The method has been applied most extensively—in the 
field of animal viruses—to influenza. The next paper will discuss the writer’s 
findings, using the second approach in relation to the poliomyelitis virus. 

To return to the first approach, however: Doctor Schaeffer has described his 
experience with the adaptation of poliomyelitis virus to mice, and Doctor 
Roca-Garcia has reported what can happen in the chick embryo. It may 
also be of interest to mention briefly changes which have been observed in the 
character of a poliomyelitis virus strain in the course of its propagation in two 
different species of rodents. The origin of the three sublines summarized in 
TABLE 1 are the same. After 35 passages in cotton rat brain, the virus was 
found to be pathogenic for monkeys injected intracerebrally. The paralysis 
rate was 50 per cent, and half of the paralyzed monkeys died. The same 
strain, after three cotton rat passages, was grown in tissue culture of monkey 
kidney epithelium for 47 generations (36 passages at low dilu tion and 11 at 
limiting dilution). Although the particles pathogenic for monkeys were ap- 
parently thinned out, two monkeys injected with higher dilutions of the virus 
became paralyzed. 

Growth of the same strain in PRI mice resulted in the production of a var- 
iant which, when injected into monkeys either by the intracerebral or intra- 
spinal route, failed to elicit signs of paralysis. The variant was also non- 
cytopathogenic for either human or monkey epithelial cells or fibroblasts in 
tissue culture. 

A wide range of behavior has been observed as viruses have been introduced 
into new environments. For instance, a strain of poliomyelitis virus propa- 
gated in chick-embryo tissue culture may retain cytopathogenic properties for 
monkey kidney epithelium and, at the same time, lose its ability to infect 
mice, even when injected intraspinally. 

The number of variants probably grows in direct proportion to the number 
of laboratories working with poliomyelitis virus. In spite of increased at- 
tempts at the direct genetic control of viral populations, the usual approach to 
the modification of a virus, particularly as far as virulence is concerned, is by 


propagation in a new host, 


CHARACTERISTICS AND GENETIC POTENTIALITIES OF 
EXPERIMENTALLY PRODUCED AND NATURALLY 
OCCURRING VARIANTS OF POLIOMYELITIS VIRUS* 


By Albert B. Sabin 


Children’s Hospital Research Foundation, U niversity of Cincinnati College of Medicine, 
Cincinnati, Ohio 


Recently accumulated data are in accord with the hypothesis that the vary- 
ing pathogenic and immunogenic activities of poliomyelitis viruses in different 
hosts and by different routes involving different cell types in the same host are 
determined by virus particles with distinct genetic characters. It follows 
from this that different variants can arise by mutation, and that the composition 
of any viral population would depend on the selective influences of the tissue 
and host employed for propagation. In order to make progress in this field, it 
is necessary to define clearly the characters exhibited by different poliomyelitis 
viruses and to study them in a quantitative manner. Characters having to do 
with virulence, immunogenic capacity, and cytopathogenic activity in vitro 
readily lend themselves to such quantitative study. For poliomyelitis viruses, 
virulence is synonymous with paralytogenic activity resulting from damage to 
large numbers of lower motor neurons. The ultimate test for this character 
is inoculation in the gray matter of the spinal cord. It is already known that 
the characters that determine virulence for newborn mice, adult mice, mon- 
keys, and chimpanzees are distinct. The position of hamsters and cotton 
rats has not as yet been clearly defined. Variants that are avirulent after in- 
tracerebral inoculation, but virulent after spinal inoculation lack the character 
that enables the virus to multiply sufficiently in certain areas of the brainstem 
to permit spread to the lower motor neurons. However, when very large 
quantities of intracerebrally avirulent variants are inoculated into the small 
space of a mouse’s brain, or even a monkey’s brain, a sufficient number of virus 
particles may reach the lower motor neurons directly without having to pass 
through a barrier of insusceptible cells in the brainstem. Thus, virus popula- 
tions can be characterized with respect to intracerebral and spinal virulence 
only by quantitative tests and by progeny tests on the virus recovered from the 
paralyzed animal. It has also been established that there are different grades 
of virulence for both intracerebral and spinal routes, depending on the capacity 
of the variant to multiply sufficiently in the initially invaded cells to permit 
extension to large enough numbers of others. Thus, the intracerebrally 
avirulent type 1 Brunhilde strain segregated by Enders, Weller, and Robbins! 
in human tissue culture, the type 2 MEF; strain that we segregated by the 
terminal dilution technique in suckling mice, and the naturally occurring type 
2 and type 3 strains recovered from the stools of healthy children by Ramos- 
Alvarez and myself? all produced lesions of varying extent either only in the 
brainstem or in the brainstem and spinal cord of the intracerebrally inoculated 
monkeys that remained clinically well. On the other hand, the intracerebrally 
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avirulent Mahoney, YSK and Leon strains that we? segregated in cynomolgus 
kidney cultures produced no lesions in the intracerebrally inoculated monkeys. 
After spinal inoculation of experimentally produced or naturally occurring intra- 
cerebrally avirulent strains, we also found marked variation in paralytic capac- 
ity, some producing only limited or mild and transitory paralysis and others 
more severe and extensive involvement; some producing paralysis regularly 
with as little as 1000 TCDsp of virus, and others producing paralysis irregularly 
with 100 to 1000 times as much virus and not at all with the smaller inocula 4 
These observations are of importance for definitive study and the ultimate 
understanding of the genetic mechanism determining the characters of viru- 
lence, as well as to discourage any premature simple concepts of one “gene” or 
other ‘‘genetic unit” for one character. 

Virulence after oral or parenteral extraneural administration of poliomyelitis 
virus has been shown to be independent of intracerebral or spinal virulence.? 
When the original YSK strain, which is highly paralytogenic by the oral route 
in cynomolgus monkeys, was propagated in mice and harvested before onset of 
paralysis, a variant was obtained that was just as virulent quantitatively for 
intracerebrally inoculated cynomolgus monkeys but had lost most of its capac- 
ity to produce paralysis by the oral route and also had a markedly reduced 
capacity for producing inapparent infection by this route (TABLE 1). The 
evidence that this resulted from selection of a variant with special genetic 
constitution and did not represent a “‘host-induced”’ variation is derived from 
the demonstration that two consecutive passages of this variant in the central 
nervous system (CNS) of cynomolgus or rhesus monkeys failed to restore its 
virulence or high infectivity by the oral route. Immunogenic capacity by 
alimentary and parenteral routes has been found to depend on characters that 
permit adequate multiplication in certain nonnervous cells im vivo. These 
characters have been found to be distinct from those that determine im vitro 
cytopathogenic activity on epithelial cells or fibroblasts, or the im vivo activity 
on the lower motor neurons or neurons in the brainstem. 


TABLE 1 
DISSOCIATION BETWEEN INTRACEREBRAL AND ALIMENTARY PATHOGENICITY OF 
YSK Virus 
Results obtained with virus propagated in indicated manner 
Mouse 14 + cynomolgus brain 2 Mouse 15 
Dilution of virus fed to by 
lgus nkeys : ; 
— Cynomolgus intracerebral titer = 10°. |Cynomolgus intracerebral titer = 105-9 
Paralysis Total infection Paralysis Total infection 
1071 27/48—56% 96% 0/18—0 17% 
10-2 22/90—24% 60% 1/19 5% 11% 
10-8 5/37—14% 43% 1/18—6% 6% 
10-4 0/18—0 6% = oat 
10-5 0/18—0 0 2 tome 


Monkeys with jesions in olfactory pathways excluded from this analysis. 
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TABLE 2 
SELECTIVE SUPPRESSION OF PARTICLES WITH INTRACEREBRAL VIRULENCE FOR MICE AND 
CyToPpATHOGENIC Errect ON MONKEY FIBROBLASTS BY INTRACEREBRAL PASSAGE IN 
MonkEyYs oF Type 2 PoLiomyELitis Virus (YSK STRAIN) 


Intracerebral titer Cytopathogenic titer 
LogioP Ds0/gm. LogiTCDs0/gm. 
Virus tested 
Cynomolgus Cynomolgus 
Mice Cynomolgi kidney testis 
epithelium fibroblasts 
Mouse passage 15........... eee ee Sal 5.0 Se 4.2 
Mouse P. 15 + cynomolg. brain 2........ 2.8 = 5.4 0 or <1.0 
Mouse P. 15 + rhesus brain2........... << flO — Saf 0 or <1.0 
INJOUEEH SEER Ie OE «gor é pc cac a seb oo ocr 4.2 — 6.2 So 


Virus particles possessing certain sets of these characters can be selected for 
or against by propagation in different tissues of different hosts or by taking ad- 
vantage of differential growth rates. The data presented in TABLE 2 show the 
selective suppression of particles with intracerebral virulence for mice and 
cytopathogenic effect on monkey fibroblasts by intracerebral passage of the 
type 2, YSK poliomyelitis virus in monkeys.® The mouse-passaged virus had 
practically the same number of infective units per gram of tissue as measured 
by intracerebral inoculation in cynomolgus monkeys or adult mice and by the 
cytopathogenic effect on cynomolgus kidney epithelium. The cytopathogenic 
titer in cynomolgus testicular fibroblasts was only slightly lower. After two 
intracerebral passages in either cynomolgus or rhesus monkeys, the cytopatho- 
genic activity for epithelial cells remained the same, while no cytopathogenic 
effect on fibroblasts was demonstrable. The intracerebral activity for mice 
was almost completely suppressed in the virus obtained from the rhesus mon- 
keys and markedly reduced in that derived from the cynomolgus monkeys. 
Continued passage of this virus in mice yielded progeny with high activity on 
monkey fibroblasts. 

Our earliest studies indicated that mere propagation in nonnervous tissue, 
such as cynomolgus kidney epithelium tissue cultures, does not lead to “‘host- 
induced,” “‘nongenetic” variations in virulence of poliomyelitis viruses.*:> The 
type 1 Mahoney and type 2 YSK strains were maintained at full virulence for 
cynomolgus monkey by serial propagation in cynomolgus kidney epithelium, 
as long as minimal inocula were used and the culture fluids were not harvested 
until one or more days after complete cytopathogenic change was observed. 
This proved that the monkey kidney epithelial cells did not select against the 
fully virulent poliomyelitis virus particles. It was only when very large inocula 
were used and rapid passages were made, that the culture fluids exhibited new 
properties as regards virulence. The experience in our laboratory has been 
that, whenever a variant with a new set of characters appears as a result of a 
differential growth rate, the resulting viral population invariably consists of a 
mixture of the original and new types of particles. When the number of the 
new variant particles greatly exceeds the parent particles, it may be possible 
to segregate them by obtaining the progeny of individual or small numbers of 
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TABLE 3 


TITRATION PATTERNS OF CULTURE FLUIps ConsISTING OF DOMINANTLY VIRULENT, MIXTURE 
oF VIRULENT AND AVIRULENT, AND DOMINANTLY AVIRULENT VIRAL POLULATIONS BY 
INTRACEREBRAL TEST IN CyNoMOoLGUS MONKEYS 


Type 1 Poliomyelitis Virus—Mahoney Strain 


Dilution of culture oe ene a Ve Hae a ee eae 
fluid inoculated _ Progeny of 9 terminal _ KP10 + 20 rapid passages |Derived from KP 30 by ter- 
1 ml. dilution passages from CNS with large inocula minal dilution purification 
105-7TCDs50/ml. 107 °TCD50/ml. 107-5TCD50/ml. 
Undiluted Ye 1/4 0/10 
Om 5/5 2/4 0/4 
LOn+ 5/5 3/4 0/4 
10-3 5/5 2/4 0/4 
10-4 3/5 1/9 0/4 
10° 4/5 0/4 0/4 
ios 1/4 0/4 0/4 
Severity of pa- | 100% Prostrate or | 13% Prostrate— | No paralysis 
_talysis ea others mild 
Short incubation | Long incubation | No lesions 
periods periods 


virus particles in terminal dilution titrations. It has been demonstrated ex- 
perimentally that virus particles with different sets of characters may inter- 
fere with one another.’ Accordingly, quantitative titrations are a better test 
for a given character than a test on the undiluted culture fluid. In all such 
tests, one must have, as a standard of reference, the quantitative activity of 
the character that can best be measured in the medium or host in which the 
virus propagated, as well as the activity of the character under investigation. 
The data presented in TABLE 3 show the intracerebral titration patterns in 
cynomolgus monkeys when culture fluids, consisting of dominantly virulent, a 
mixture of virulent and avirulent, and dominantly avirulent virus particles 
were tested.2 The results obtained with the kidney passage 10 culture fluid 
indicate that the number of infective units, as measured by the im vitro cyto- 
pathogenic test on cynomolgus renal epithelial cells and by the paralytic effect 
in intracerebrally inoculated monkeys, was approximately the same. Further- 
more, the incubation periods were short, and prostrating paralytic or fatal 
infections were produced. The kidney passage 30 culture fluid resulting from 
rapid passages with large inocula yielded a totally different pattern. Most 
monkeys inoculated with 80 million TCDs5o developed neither paralysis nor 
lesions, but a larger number of the monkeys inoculated with less virus suc- 
cumbed. The monkeys inoculated with about 1,000 to 10,000 TCD 50 remained 
well. The incubation periods were markedly prolonged in the succumbing 
monkeys, and the paralysis was generally mild and limited. The evidence that 
these manifestations were due to a mixture of virulent and avirulent virus par- 
ticles rather than toa predominantly homogeneous population of a new variant 
with diminished intracerebral virulence is based on two observations: (1) re- 
covery of fully virulent virus capable of producing prostrating paralysis after 
intracerebral inoculation of only 1000 TCDs0 from the spinal cord of one of the 
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paralyzed monkeys G08 group); and (2) recovery of dominantly avirulent virus 
by the terminal dilution technique as shown in the results obtained with the 
kidney passage 33 culture fluid. None of the 34 monkeys inoculated with 32 
to 32 million TCD 50 exhibited either paralysis or lesions. Similar results 
were obtained with the type 2 YSK, and type 3 Leon strains. 

The data shown in TABLE 4 indicate that the three monkey-intracerebrally- 
avirulent variants just described possessed a varying degree of virulence for 
the lower motor neurons of cynomolgus and rhesus monkeys but not for those 
of chimpanzees.* # In spinally-inoculated cynomolgus monkeys, the Mahoney 
strain was most active and the Leon strain least. The rarity with which the 
type 3 variant produced paralysis with inocula of less than 10® TCD 5» prompted 
a study to determine whether the culture fluid might contain less monkey- 
spinal-virulent than spinal-avirulent particles. The progeny of four separate 
terminal dilution tubes, however, exhibited the same limited spinal virulence 
in monkeys and it was concluded that the low incidence of paralysis was due 
to a limited capacity of all virus particles for multiplication and spread in the 
spinal cord. All spinal inoculations were made into the gray matter of the 
lumbar cord and, when monkeys inoculated with any of the 3 types were sac- 
rificed on the first day of paralysis, virus could be recovered from the lumbar 
cord but not from the cervical cord, and the amount of type 3, type 2 and, 
occasionally, also type 1 virus was so low that spinal passage to another group 
of monkeys was not possible. The type 1 and type 2 viruses were less active 
in rhesus than in cynomolgus monkeys. The largest number of chimpanzees 
was inoculated with the type 1 Mahoney strain because it produced paralysis 
most regularly in the monkeys. The completely negative results obtained in 
the eight chimpanzees inoculated with this strain shows that the character for 
spinal virulence is not the same for chimpanzees and monkeys. 

The data shown in TABLE 5 indicate that there is no relationship or “‘linkage”’ 
among the characters for cerebral and spinal virulence in mice and monkeys. 
The parent Mahoney virus propagated in cynomolgus CNS lacked virulence 
for mice by either route, but the special kidney passage 33 derivative* possessed 
spinal virulence for mice but lacked cerebral virulence for monkeys.’ The 
parent YSK virus propagated in cynomolgus CNS was virulent for monkeys 
and mice by both routes, although the concentration of intracerebrally-mouse- 
virulent particles was at least 1/200 of the others. The serial terminal dilu- 
tion passages of this virus in cynomolgus kidney culture eliminated the mouse- 
intracerebral-virulent particles without affecting the others, while the special 
variant segregated in kidney passage 51 lacked cerebral virulence for monkeys 
and retained spinal virulence for mice and monkeys.’ The original Leon virus 
passaged in cynomolgus kidney culture possessed cerebral and spinal virulence 
_ for the monkey and only spinal virulence for the mouse, while the special var- 
iant segregated in kidney passage 34 lacked cerebral virulence for the monkey 
and spinal virulence for the mouse, but retained a limited degree of spinal viru- 
lence for the monkey.’ To determine whether a few particles in the kidney 
passage 34 culture fluid might possess a special capacity for propagation in the 


* The progeny from another terminal dilution tube of kidney passage 32 yielded a variant that was aviru- 
lent for mice by both routes and for monkeys by the intracerebral route. 
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TABLE 5 


Lack OF RELATIONSHIP AMONG CHARACTERS FOR CEREBRAL AND SPINAL 
VIRULENCE IN MICE AND MONKEYS 


Poliomyelitis virus tested Mice it 
Typeldnd Line cere Spinal pee Spinal 
1 Cynomolgus CNS : 0 0 + + 
Mahoney | Kidney passage 33 (Rapid passage + terminal 
~ | dilution purification)—line 1 0 oF 0 ae 
—line 2 0 0 0 a 
2 Cynomolgus CNS ; + + “fh + 
YSK | Kidney passage 10 (Progeny of 9 consecutive 0 —+- + + 
limiting dilutions) ; 
Kidney passage 51 (Rapid passage + terminal 0 =i 0 + 
dilution purification) 
3 Testis 8, kidney passage 3 j 0 te ~ + 
Leon Kidney passage 34 (Rapid passage + terminal 0 0 0 + 
dilution purification) 
K P34 + “blind” mouse spinal 1 + kidney pas- 0 + 0 + 
| sage 1 


mouse spinal cord, 100 mice each received 10°7 TCDs5o of virus intraspinally. 
Although no paralysis appeared, 20 mice were sacrificed at 14 days, and another 
20 at 28 days and, in each instance, approximately 10?7 TCDs5o of virus was 
recovered per gram of spinal cord. Although passage to other mice was nega- 
tive, a progeny test on the virus that grew out in large amounts in cynomolgus 
kidney culture showed that a variant with new characters was segregated by 
this maneuver. This variant possessed spinal virulence for mice and increased 
spinal virulence for monkeys, but was still intracerebrally avirulent for mon- 
keys. 

Doctor Ramos-Alvarez and I studied the effect of rapid serial intraspinal 
passages in mice on spinal virulence for monkeys of the monkey-intracerebrally- 
avirulent Mahoney and YSK viruses. Although this procedure enhanced the 
virulence for mice, no significant effect on monkey virulence was observed 
after 30 passages. The mouse-adapted strain of Mahoney virus segregated by 
Li and Schaeffer’ was made available to us for study after 35 consecutive spinal 
passages in mice. The data shown in FIGURE 1 indicate that the cynomolgus 
spinal virulence of this strain was less than that of the Mahoney KP 33 which 
we had segregated in tissue culture. Since only a portion of the monkeys de- 
veloped paralysis, and since the affliction these monkeys showed was of a 
limited and mild type, it seemed desirable to determine whether this strain 
might represent a mixed population of monkey-spinal-virulent and_spinal- 
avirulent virus particles. When the undiluted culture fluids derived from 4 
terminal dilution tubes were tested separately in a total of 24 cynomolgus mon- 
keys, limited paralysis appeared in only 4. Higher dilutions of the same cul- 
ture fluid, however, produced paralysis in a higher proportion of monkeys. 
This zone phenomenon further suggested a “‘mixed-population” pattern and 
additional further terminal dilution purifications were carried out. The 10-7 
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Ficure 1. Spinal virulence in cynomolgus monkeys of Montgomery-Mahoney virus and derivatives 


terminal dilution tube ‘6-51’’ is most likely to contain progeny from a single 
infective particle captured in a single tube—most likely but not necessarily— 
and yet a clear-cut zone phenomenon was obtained in which all four monkeys 
inoculated with undiluted culture fluid remained well, while all four inoculated 
with the 10~ dilution developed paralysis. This phenomenon points to the 
need of determining whether a single virus particle may contain genetic ma- 
terial that can appear in different form or different quantity in different off- 
spring, so as to yield the character for spinal virulence in some but not in others. 
One of the surprising findings has been that the variants selected for their 
more rapid and extensive propagation in nonnervous tissue 77 vitro were not as 
effective as the parent viruses in their propagation in nonnervous tissue 77 vivo. 
One of the reasons the Mahoney strain was selected for special study is that 
minimal amounts of it were capable of producing infection and immunity 
after extraneural, parenteral administration in monkeys. It was hoped that 
it might be possible to eliminate its high peripheral paralytogenic activity and 
retain its high peripheral infectivity. The data shown in TABLE 6 indicate 
that subcutaneous injection of 1 to 10 TCDs5o of the original Mahoney virus 
sufficed to produce antibody, as well as paralysis. Although the variant con- 
tained in the cynomolgus kidney passage 33 culture fluid no longer produced 
paralysis, at least 100,000 TCD 59 contained in 0.01 ml. of culture fluid was re- 
quired to produce antibody in all cynomolgus monkeys. Since an occasional 
monkey developed antibody even after 10 TCD5o (one millionth ml.), it would 
appear that the virus may be able to multiply only in certain cells and that much 
of the inoculum may fall on “rocky soil.” Similar results were obtained with 
the YSK and Leon strains.*? Tomorrow’s paper will present data which in- 
dicate that the immunogenic activity of these modified viruses by the oral and 
parenteral routes is greater in chimpanzees than in cynomolgus monkeys. 
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TABLE 6 
COMPARATIVE PARALYTOGENIC AND IMMUNOGENIC ACTIVITY IN INTRAMUSCULARLY INOCU- 
LATED CYNOMOLGUS MONKEYS OF ORIGINAL TYPE 1 POLIOMYELITIS Virus (MAHONEY 
STRAIN) AND VARIANT OBTAINED BY SPECIAL CULTIVATION IN CyNoMOLGUS KIDNEY 


TIsSUE CULTURE 


Cynomolgus CNS suspension Kidney passage 33 
No. of TCDs50* inoculated 
Paralysis Antibody Paralysis Antibody 
10,000,000 _ = 0/10 10/10 
1,000,000 - = 0/5 5/5 
100,000 4/5 5/5 0/5 5/5 
10,000 5/5 5/5 0/9 2/9 
1,000 4/5 5/5 0/5 2/5 
100 4/5 5/5 0/4 0/4 
10 3/4 4/4 0/5 1/5 
1 0/4 1/4 0/5 0/5 


*TCDso = 50 per cent tissue culture cytopathogenic dose. 


Since absence of intracerebral virulence for monkeys is one of the striking 
properties of the variants that appeared as a result of rapid passage with large 
inocula in monkey kidney cultures, and since such cultures do not select against 
virus particles possessing the character for cerebral virulence except by differ- 
ential growth rates, it was desirable to study the effect of continued tissue cul- 
ture passages on the genetic stability of the variants segregated by the terminal 
dilution technique. The test originally used consisted of inoculating groups 
of 10 monkeys with undiluted culture fluids that contained from 10° to 10° 
TCDs5o of virus. It was soon observed that in such tests one or more monkeys 
developed paralysis, and progeny tests revealed at least five different phenom- 
ena to account for it (TABLE 7). In the first phenomenon, paralysis appears 
to be due to accidental invasion of cells susceptible to “spinal variant” particles, 
and the progeny test yields virus that is cytopathogenic in vitro, but intra- 
cerebral passage in other monkeys is negative. In the second phenomenon, 
the progeny test yields no infective virus by any of the tests. This appears 
to be due to an abortive infection in which virus reproduction is initiated, nerve 
cells are damaged, but the process of multiplication is not completed. The 
third phenomenon appears to be a variation of the second, in which a small 
number of virus particles emerge that are strictly neurotropic. They do not 
possess the in vitro cytopathogenic activity of the parent virus, but can pro- | 
duce paralysis in monkeys that is transmissible to others with the production 
of virus that remains noncytopathogenic in vitro. The second and third phe- 
nomena have been observed with the Leon strain, with the YSK strain, with 
naturally occurring type 2 spinal variant strains, and with the type 1 Brun- 
hilde, but never with the Mahoney strain. The fourth phenomenon appears 
to be a mixture of the first and third phenomena. Here there is evidence of 
reproduction in the monkey spinal cord of two varieties of particles, some of 
which are noncytopathogenic and strictly neurotropic, while others are cy- 
topathogenic, spinal variants. In the tissue culture test, there is evidence of 
interference between the two in the form of long incubation periods, zone 
phenomena, and sparing of a portion of the cells. On intracerebral passage in 
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TABLE 7 
Be OMENA ENCOUNTERED IN PROGENY TEST FOR SIGNIFICANCE OF PARALYSIS IN 
CCASIONAL MONKEY INOCULATED WITH LARGE AMOUNTS OF INTRACEREBRALLY 
AVIRULENT VIRUSES 


Character of progeny in spinal cord of paralyzed monkey 
Paralysis due to 
Cytopathogenic effect Intracerebral Intraspinal passage 
in tissue culture passage in monkeys in monkeys 
1. Accidental _infec- + O + or O 
tion of cells sus- | 10% to 107TCD50/gm. Depending on titer 
ceptible to spinal of inoculum 
variant 
2. “Abortive _—_infec- O oO O 
- tion” No repro- 
duction of infec- 
tive virus. “‘Ster- 
ile mutant” 
3. Emergence of strict O Varying number | Same as_ intracere- 
neurotropic mu- paralyzed on 1st bral 
tant passage: 
All paralyzed on 2nd 
passage 
Tissue culture test— 
Neg. 
4. Mixture of 1 and 3 | Long incubation Paralysis due _ to =: 
Zone phenomena strict neurotropic 
Portion of cells variant 
spared 
5. Emergence of par- + = = 
ticles with vary- | Sometimes zone phe- | Varying proportion 
ing degrees of nomena of monkeys 
intracerebral vir- 
lence 


monkeys, a strict neurotropic variant is segregated. In the fifth phenomenon, 
there is evidence of selection of in vitro cytopathogenic particles with varying 
degrees of intracerebral virulence. On serial intracerebral passage in monkeys, 
one can segregate a population of virus particles that is intracerebrally virulent, 
but that does not represent a reversion to the original parent virus because 
the characters for high extraneural infectivity and paralytogenic activity are 
missing. 

For an adequate understanding of the tests for genetic stability on continued 
cultivation in tissue culture, it was deemed desirable to submit the starting 
stock cultures of each of the three type strains to still another test for homo- 
geneity. The progeny of individual terminal dilution tubes were tested for 
intracerebral virulence in monkeys to determine whether the viral populations 
arising from single or small numbers of infective particles were uniform in 
relation to this character. FIGURE 2 shows the result of such a test on the Leon, 
kidney passage 34 stock culture fluid. When this fluid, which had a titer of 
1074 TCDso per ml. was tested undiluted and in tenfold dilutions to 107° in 
31 intracerebrally inoculated monkeys, neither paralysis nor lesions appeared. 
Each oval in the diagram represents one monkey, and the figure over each group 
represents the number of TCD;0-inoculated in each monkey. Negative re- 
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FicurE 2. Test for hompgeneity of intracerebral v irulence in cynomolgus monkeys among progeny from indi- 
vidual terminal dilution tubes (monkey kidney cultures) of Leon, KP 34. Leon KP 34 culture fluid tested undi- 
luted and in tenfold dilutions to 10-6 produced neither paralysis nor lesions in 31 intracerebrally inoculated mon- 


keys. 


sults in 10 monkeys were obtained with the progeny of 2 terminal dilution tubes. 
The test on the third terminal dilution tube, which contained more virus, was 
particularly illuminating since the five monkeys inoculated with 10°? TCD5o 
remained well, while three different phenomena were found to account for the 
poliomyelitic process which developed in three of the five monkeys inoculated 
with 107 TCD 5). In the monkey with paralysis on the 19th day, the progeny 
yielded the pattern of “phenomenon 2,” 7.e., abortive infection or incomplete 
reproduction of infective virus. In the monkey with paralysis on the 17th 
day, the pattern corresponds to “phenomenon 4,” with emergence of strict 
neurotropic virus particles. In the monkey that died of intercurrent disease 
without paralysis but with poliomyelitic lesions, the pattern corresponds to 
“phenomenon 5,” with emergence of intracerebrally virulent, in vitro cyto- 
pathogenic virus. The zone phenomena observed in the tissue culture tests 
suggest that some noncytopathogenic, interfering virus particles were also be- 
ing reproduced in the monkey CNS. FicureE 3 shows the results of the tests 
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Ficure 3, Virus progeny tests on monkeys oe eloping paralysis after i 5 ral injecti i 
propagated with large inocula from weon, KP 3 ping | ysis r intracerebral injection of culture fluids 
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for intracerebral virulence on some of the culture fluids from kidney passage 
34 to kidney passage 60, as well as the progeny tests on the occasional monkey 
with paralysis. It is evident that intracerebrally virulent virus did not be- 
come dominant during the course of serial propagation in tissue culture. The 
progeny tests are similar to those just discussed, and they suggest that among 
each 10° to 107 infective particles there may be one that finds a selective me- 
dium when transferred to the monkey CNS, but not when it has to compete 
with a million or 10 million others in monkey kidney tissue culture. More 
extensive quantitative tests than those shown in this figure were carried out 
with the 60th passage culture fluid, both intracerebrally and intramuscularly, 
and no difference from the stock 34th passage culture fluid was found. 
Ficure 4 shows the homogeneity test for intracerebral virulence on the 
progeny of five different terminal dilution tubes of the YSK, kidney passage 
51 virus. There is no evidence here that the viral populations were different 
in the five tubes. Of the 24 inoculated monkeys, 4 developed poliomyelitis, 
and the progeny tests again indicate that an occasional particle out of 10° to 
107 may possess some capacity for propagation in the brainstem and thus be 
selected by intracerebral passage in the monkey. Frcure 5 shows the results 
of intracerebral tests in monkeys on the stock YSK, KP 51 culture fluid, 
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Ficure 4, Test for homogeneity of intracerebral virulence in cynomolgus monkeys among progeny from indi- 
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and on other cultures derived from it by further passage. The original KP 51 
culture fluid with a titer of 107-2 TCD50 produced neither paralysis nor lesions 
in any of 28 monkeys inoculated intracerebrally with tenfold dilutions from 
undiluted to 10-8. When four additional monkeys were inoculated intra- 
cerebrally, however, paralysis appeared in two, and the progeny tests revealed 
the patterns of “phenomena 2 and 3” previously described. It may be noted 
that in the monkey with paralysis on the 11th day, four different methods of 
testing for infective particles yielded negative results. In the other monkey, 
a variant emerged that was neurotropic for the monkey but not for the mouse. 
Among the 20 monkeys inoculated with 107 to 10° TCD of the KP 53 and KP 
54 cultures, there were 5 with poliomyelitis. The progeny tests on two of these 
showed that the paralysis was due to “(phenomenon 1,” 7.e., accidental invasion 
of cells susceptible to the spinal variant particles, since further intracerebral 
passage was negative. In the remaining three monkeys, the progeny test 
indicated the selection of particles with low grade intracerebral virulence. 
More extensive quantitative tests for intracerebral and intramuscular paralyto- 
genic activity on the 60th kidney passage culture fluid revealed no difference 
from the properties found in the stock KP 51 culture fluid. 

FIGURE 6 shows the homogeneity test for intracerebral virulence on the 
progeny of five different terminal dilution tubes of the Mahoney kidney pas- 
sage 33 virus. There is also no evidence here that the viral populations were 
different in the five tubes. Of the 24 inoculated monkeys, 4 developed polio- 
myelitis. In 2 of these, the progeny test yielded the pattern of ‘phenomenon 
1,” 7.e., accidental invasion of lower motor neurons with negative intracerebral 
passage. Jn the other 2, the pattern corresponds to the selection of particles 
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with varying degrees of intracerebral virulence. In one instance, three serial 
passages failed to yield virus that was uniformly virulent by the intracerebral 
route while, in the other instance, two serial passages sufficed. It is note- 
worthy that this does not represent a reversion to the parent virulent Mahoney 
strain, since the subcutaneous inoculation of 10 TCDs5o in six monkeys not 
only failed to produce paralysis but also produced no antibody. Similar nega- 
tive results were obtained in tests on four additional intracerebrally virulent 
variants segregated from “Mahoney” culture fluids, indicating that the new 
mutants acquired the character for intracerebral virulence, but not the char- 
acter for high extraneural paralytogenic activity. The data shown in FIGURE 
7 indicate that the Mahoney virus also could be passaged serially in monkey 
kidney culture fluid without change in its intracerebral virulence, except for 
the occasional presence of 1 particle in 10’ to 10° which can be selectively seg- 
regated by intracerebral inoculation and passage in the CNS of monkeys. 

Finally, it is of interest to note that intracerebrally avirulent, spinal variant 
strains of poliomyelitis viruses are not merely laboratory artefacts but can also 
be recovered from healthy children who had no recent contact with clinically 
recognized cases of poliomyelitis.” The data in TABLE 8 show tests on 4 such 
strains. The type 2 strains were spinal variants for both monkeys and mice, 
while the type 3 strain, like the experimentally produced Leon variant,’ was 
avirulent for mice by both routes. 


TABLE 8 


NATURALLY OccuRRING ‘SPINAL VARIANT” POLIOMYELITIS VIRUSES IN TISSUE 
CULTURES OF RECTAL SWABS FROM HEALTHY CHILDREN 


= 


Effects in monkeys Effect in mice 
TCDs50/ml. 
fmmuno- Strain culture fluid 
mee type Logio Intracerebral| Intraspinal |Intracerebral| Intraspinal 
0.5 ml. 0.1 mi. 0.03 ml. 0.02 ml. 
2 FAF-117 6.2 0/4 4/4 0/10 10/10 
FAF-116 6.7 1*/4 4/4 0/7 9/9 
SAC-266 Sas 21/5 4/4 0/10 5/10 
3 GLE. S02 0/4 3/4 0/10 0/10 


Tissue culture negative; intracerebral passage in monkeys negative. ‘ ; 
Tissue culture negative intracerebral passage in monkeys negative. Monkey 
TCDs50/gm. with negative intracerebral passage in monkeys. 


* “Sterile mutant’’. 
+ Monkey 1—“‘sterile mutant”’. 
2—“spinal variant accident”’. 104? 
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Further work is now in progress on the recovery of strains that are com- 
pletely avirulent fcr monkeys by the spinal route and, at the same time, more 
highly infective end immunogenic by extraneural routes. Quantitative 
studies on the immunogenic and other properties of currently available chim- 


panzee-avirulent strains in chimpanzees are described by the author elsewhere 
in this monograph.* 
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Discussion of the Paper 


Docror JoHN F. ENpers (Research Division of Infectious Diseases, Children’s 
Medical Center, and Department of Bacteriology and Immunology, Harvard 
Medical School, Boston, Mass.): Doctor Sabin is to be congratulated on this 
important and extensive study of the capacity of poliomyelitis viruses to vary 
in their pathogenic properties after cultivation im vitro. The array of variants 
which he has thus produced differing widely in their cytopathogenic and par- 
alytogenic properties will furnish materials for many future investigations. 
For example, it will probably be desirable to define by the most accurate 
methods available the stability of the variants exhibiting the lowest path- 
ogenicity for primates. An approach to such investigations would seem to be 
provided by the establishment of ‘‘clones,” using as primary inoculum, the 
virus produced by a single infected cell and obtained by the procedure described 
by Dulbecco elsewhere in this monograph. The variants characterized by 
loss of cytopathogenicity i vitro, with and without the retention of the capacity 
to produce paralysis in susceptible animals, seem to provide exceptionally 
favorable materials for use in future attempts to discover those factors re- 
sponsible for virulence or pathogenicity in sensu strictu as distinct from ability 
to multiply within the susceptible cell. Experiments along such lines are 
much to be desired since, at the present time, we have no precise ideas in re- 
spect to the attributes that are lost or modified when variation in the direction 
of a decrease in pathogenicity occurs. 

Doctor Sabin’s important findings are so numerous that it is impossible to 
discuss them in detail under these circumstances. One specific comment, 
therefore, will have to suffice. Doctor Sabin concluded that successive rapid 
passages in vilro and the use of large inocula were the principal factors re- 
sponsible for the selection of variants exhibiting low virulence for primates. 
While undoubtedly this conclusion is supported by the data presented, the 
possibility remains that other conditions may have been involved, since, as 
control, a like number of tissue culture passages carried out at longer intervals 
under otherwise comparable conditions were not affected, In earlier experi- 
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ments of our own,* a considerable decline in the virulence for monkeys of the 
Brunhilde strain occurred during a series of passages that were done at inter- 
vals of two to three weeks in suspended cell cultures of human embryonic skin 
and muscle tissues. Thus, although the experimental techniques were not 
entirely comparable, the possibility should perhaps be kept in mind that rapid 
passage 7m vilro may not represent an essential condition for the emergence of 
variants of low pathogenicity. That they regularly appear under these cir- 
cumstances, has, however, been clearly demonstrated by Doctor Sabin’s ex- 


periments. 


*Enders, J. F., T. H. Weller, & F. C. Robbins. 1952. Alteration in pathogenicity for monkeys of Brun- 
hilde strain of poliomyelitis following cultivation in human tissues. Federation Proc. 11, 467. 


SUMMARY AND REVIEW OF PAPERS ON “POLIOMYELITIS 
VIRUS VARIATION’™* 


By Hattie E. Alexander 


The Babies Hospital and the Department of Pediatrics, College of Physicians and Surgeons, 
Columbia University, New York, N. Y. 


The papers in this monograph dealing with “Variation” represent important 
contributions to the biology of poliomyelitis viruses. Mutation would seem 
to be a more appropriate term than variation when a variant trait can be 
shown to be heritable through many generations. The change can then be 
assumed to be a genetic one. The variant strains which have been described 
would appear to fullfil this criterion. This review will deal with mutation in 
the strict as well as the broader sense. Your chairman has asked me to say 
a word about our experience with “variants” of poliomyelitis. 

The most complete knowledge of mutation of microorganisms has been de- 
rived from study of bacteria and bacterial viruses. In these microorganisms 
the heritable properties of a population can be changed either by (1) the selec- 
tion and propagation of spontaneously occurring mutants, or (2) induction of 
genetic changes. In bacteria, genetic changes have been induced through 
transformation, transduction, and cell fusion and, in viruses, by recombination 
of parental genetic traits as they multiply in the same cell. 

Selection of sponteneously occurring mutants. Bacteria and bacterial viruses 
have been the most valuable tools for demonstration of a principle of funda- 
mental significance. Large populations can no longer be viewed as homo- 
geneous with respect to those traits which are genetically controlled. The 
trait which has been studied most extensively for demonstration of this popu- 
lation heterogeneity is resistance of bacteria to antibiotics and bacterial viruses. 
In all species of bacteria examined, large populations sensitive to a given anti- 
biotic can be shown to contain a minute number of cells that can grow in con- 
centrations of the antibiotic that eliminate the masses. These resistant 
cells arise by mutation and, therefore, breed true. This principle applies to 
all bacterial species and all antibiotics examined. 

The resistant trait is only one of many genetic changes which make it possi- 
ble for bacterial mutants to survive in an environment which is lethal for the 
masses of the population. A bacterial population sensitive to a given phage, 
if large enough, will be protected from death of all cells by the presence of 
spontaneously occurring mutants which are resistant to the phage. On the 
other hand, a large phage population can find a host in which to propagate 
even in resistant bacterial populations through the appearance of mutant 
viruses that have genetically changed host requirements. This phenomenon 
might be viewed as a device to protect the race from extermination. The 
mechanism responsible for mutation, which we call spontaneous, is not known, 
but it appears to be controlled by some well-organized system. ‘The rate of 
occurrence of a resistant mutant appears to be a constant in a given bacterial 
species against a given antibiotic or bacterial virus. 
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The poliomyelitis strains described here exhibit heritable host requirements 
that differ from those of the parent populations. Each one could be viewed 
as a population evolving from spontaneously occurring mutants selected be- 
cause they are equipped to reproduce in an environment which excludes the 
masses. Doctor Sabin has presented evidence on this point for his virus. 
The genetic change which increased the growth rate of Doctor Sabin’s strain 
enabled it to overgrow the original population in the same environment. The 
differences in the characteristics of mutants selected from the same virus popu- 
lation demonstrate the heterogeneity of populations of poliomyelitis viruses 
just as has been shown for bacteria, bacterial viruses, influenza viruses, etc. 
Like other microorganisms, poliomyelitis populations cannot be viewed as 
being homogeneous with respect to a given trait, for example virulence or 
nonvirulence, for any length of time. The virulent one will contain avirulent 
particles and the nonvirulent population will show reverse mutation to viru- 
lence as described by Doctor Sabin for his strain. The evolution of these 
viruses has been studied in an environment in which the poliomyelitis popu- 
lation is the only microorganism present. One might anticipate that, in the 
presence of other organisms; for example, in the intestinal tract, teeming with 
many varieties of microorganisms, there might be greater opportunities for 
change in virulence. 

Induction of heritable changes in a population. Genetic changes have been 
induced in bacterial and bacterial virus populations by a variety of methods, 
all of which provide an opportunity for interaction of the desoxyribose nucleic 
acids (DNA’s) of two genetically different organisms. In each of these micro- 
organisms, there is convincing evidence that DNA is the dynamic component 
of heredity determinants. The methods which provide an opportunity for 
interaction of DNA in bacteria are transformation, transduction, and fusion 
of cells. 

Transformation. All evidence documents the fact that transformation in- 
duces a heritable change by exposure of the recipient cells to a specific chemical 
substance, DNA, isolated from appropriate donor cells. Type specificity and 
virulence have been induced by appropriate DNA’s in pneumococci by Avery, 
McLeod, and McCarty and in Hemophilus influenzae and in meningococci in 
our laboratory. 

By means of transformation, resistance to penicillin and streptomycin has 
been induced in sensitive populations of pneumococci by Hotchkiss, and re- 
sistance to streptomycin has been induced in sensitive strains of H. influenzae 
in our laboratory. It is of great significance that the pattern of degree of 
resistance induced is analogous to that which occurs naturally. A high degree 
of penicillin resistance is induced only by a stepwise process, whereas a high 
degree of resistance to streptomycin may be induced by a single step. It 
would seem that one can reproduce, by transformation, cells which cannot be 
distinguished from those that arise by spontaneous mutation. 

Transduction. Lederberg and Zinder have demonstrated that new genetic 
traits can be induced in bacteria following invasion by appropriate bacterial 
viruses. The evidence suggests that genetic material can be carried by the 
virus from a previous host and incorporated in the genetic structure of in- 
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vaded bacteria. Transduction has changed the heritable properties of Esch- 
erichia coli and Salmonella and the induction of heritable virulence in avirulent 
C. diphtheriae is probably an example. : 

Fusion of cells. Tatum and Lederberg have shown that, when certain 
genotypically different strains of £. coli are grown together, a small proportion 
of each of the populations seem to reproduce by a fusion process similar to 
sexual reproduction. There is a recombination of the parental traits in the 
offspring and linkage of genetic traits along classic genetic lines. 

Recombination. The recombination method has been used primarily for 
changing the inherited properties of bacterial virus populations. The results 
of interaction of the DNA’s of two phages which infect the same cell are now 
well documented. Recombination occurs. The experimental evidence per- 
mits an interpretation of variation and evolution along more or less classic 
genetic lines. 

Of greatest interest is whether these principles that apply to bacteria and to 
bacterial viruses hold for animal viruses. Hirst, Burnet, and others have demon- 
strated recombination between two different antigenic types of influenza type 
A virus when they infect the same cell simultaneously under appropriate con- 
ditions. 

In our laboratory, Doctor Katherine Sprunt and Doctor Isabel Morgan 
Mountain have demonstrated an interesting variant that formed following the 
simultaneous infection of monkey kidney cells with type I and type II polio- 
myelitis viruses. The presence of a combined form, showing antigenic traits 
of type I and type II viruses in the same particle, was identified by the method 
of Hirst. Since the combined trait has been transmitted through seven sub- 
cultures, five of which have been from limiting dilutions, there is a high prob- 
ability that it is heritable. The combined virus is unstable however, and would 
therefore, correspond to Hirst’s Xe influenza virus and not to the X; virus. 

Hirst’s X» influenza virus and our combined poliomyelitis virus, both of which 
may be comparable to diploid heterozygotes, are similar in a number of respects 
to the new type of H. influenzae cell, Sab, produced in our laboratory by the 
action of type A DNA on type B H. influenzae. Sab cells possess the antigenic 
traits of both type A and type B and reproduce in this form; they differ from 
type A and type B cells. 

it would seem that recombination can induce heritable changes in animal 
viruses, and there is ample evidence that by selecting out nonvirulent and 
other types of spontaneously recurring mutants, the heritable traits of a popu- 
lation can be changed. Whether heritable changes can be induced by the 
other methods which are applicable to bacteria cannot be answered at present. 

The similarities between bacterial transformation and virus invasion and 
reproduction within a cell merit a comment. As pointed out by McCarty, 
Hotchkiss, and Horsfall, virus infection and bacterial transformation have, as 
common features, an invasive and replicative series of events. Invasion of a 
susceptible cell by either agent, virus or DNA, is followed by a latent period 
during which the invading particle itself cannot be demonstrated. Moreover, 
invasion or replication of the agent can be blocked by prior infection with 
related infectious agents. 


PartIV. Poliomyelitis Virus and the Community 


THE CHANGING AGE DISTRIBUTION OF PARALYTIC 
POLIOMYELITIS 


By Carl C. Dauer 
National Office of Vital Statistics, United States Public Health Service, Washington, D.C. 


A number of studies on the age distribution of poliomyelitis have been made 
but, for the most part, they covered periods prior to 1945.1:2)% In general, 
the conclusion was reached that there had been a relative decrease in incidence 
of cases under five years of age, from about 1920 to recent years. Only one 
of these has commented on the effect of including nonparalytic cases on age 
distribution. 

The present report is concerned primarily with changes in the age distribu- 
tion of paralytic poliomyelitis. Since reasonably complete information on the 
different types of the disease, 7.e., paralytic and nonparalytic, covering a suffi- 
ciently long feriod of time, and tabulated in detail by age groups, was available 
from only cre state, this paper will show, in considerable detail, the changes 
which have cccurred in Massachusetts since 1935. Data for the state of Mary- 
land, however, were available for paralytic cases from 1925 to 1951 inclusive, 
making it possible to determine trends in that area. Data for shorter periods 
of time for other areas will be used to illustrate similar or divergent trends. 
Since complete information is not available for all parts of the country, it can- 
not be assumed that changes that occurred in Massachusetts and Maryland 
have also occurred in all other sections of the United States. 

Percentage distribution of cases. F1GuRF 1 shows the percentage distribution 
of total cases by broad age groups over a period of four decades in Massachu- 
setts and, for three recent 5-year yeriods, the distribution of paralytic and 
nonparalytic cases by the same age groups. 

The chart shows that: (1) there was a gradual decrease in proportion of 
cases under five years of age over the four-decade period; (2) there was an 
‘increasing proportion of cases in the 5- to 9-year and 10- to 19-year groups 
until 1935, when proportions became fairly constant from one 5-year period to 
another; and (3) a fairly constant proportion of cases reported in the ages over 
20 years until 1940, when there was a sharp increase, especially in the 5-year 
period 1948 to 1952. The chart also shows that there has been a greater con- 
centration of paralytic than of nonparalytic cases in the 0-to-4 and 20-and-over 
age groups since 1935, a date that marks the time when such data became 
available in Massachusetts. On the other hand, in the 5-to-9 and 10-to-19 
groups, there was a greater concentration of nonparalytic than of paralytic 
cases. 

Ficure 2 shows the percentage distribution of cases reported in Massachu- 
setts by single years of age under 20. The denominator used in calculating 
percentages was the total number of all ages. It is presumed that most, if 
not all, cases in 1916 were paralytic, consequently a comparison of the dis- 
tribution in 1916 with the distribution of paralytic cases in 1948 to 1952 would 
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Ficure 1. Per cent distribution of poliomyelitis cases by age and type of disease, Massachusetts, 1912 to 1952 


be reasonably valid. In 1916, the proportion of cases rose rapidly after the 
first year, reaching a peak in children two years of age. The percentage of 
cases fell rapidly in subsequent years with a leveling off beginning at nine 
years of age. The cases reported in the 1948 to 1952 period have been separ- 
ated into spinal paralytic, bulbar, and nonparalytic types (bulbar poliomyelitis 
and spinal paralytic cases were not tabulated separately until 1944). The 
same rapid increase in proportion of spinal paralytic cases after the first year, 
and reaching a peak in two-year old children, occurred in 1948 to 1952. The 
peak of cases was at a lower level, however, and the decline following the 
peak was more gradual than it was in 1916. Thus, the year of age with the 
greatest concentration of paralytic cases had not changed over a period of 
nearly 40 years, but there has been a more even distribution throughout the 
standard age classes in the 0-to-19 group. 

The distribution of bulbar cases is markedly different from that of spinal 
paralytic. The percentage of cases under one year was less than one, and there 
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was a gradual rise in the proportion until a peak of 7.2 per cent was reached 
in 10-year-old children. The decline which followed was equally gradual. 
The distribution of nonparalytic cases was similar to that of bulbar cases, 
namely a gradual rise from a low point in the group under one year to those 
seven years of age and a gradual decline thereafter. 

Ficure 3 shows the percentage distribution of cases by single years in 
Minnesota in 1946. The distribution patterns of the various types are very 
similar to those for Massachusetts in 1948 to 1952. 

The age distribution of cases by single years for New York City in 1944, 
as reported by Yankauer and Goldberg,‘ showed a rapid increase in paralytic 
cases after the first year, remained at a relatively high level until the sixth year, 
and declined gradually thereafter. It is possible that, if bulbar cases had 
been shown separately, the distribution of spinal paralytic cases in New York 
City in 1944 would have been more nearly like that for Massachusetts and 
Minnesota. 

The greater concentration of cases under five years in Southern states as 
compared with the distribution in the northern part of the country was pointed 
out many years ago. No data for recent years are available for Southern 
states in which there is a separation of paralytic and nonparalytic types of 
disease. The distribution of cases (paralytic and nonparalytic combined), 
however, would seem to indicate that there has been no change in the relation- 
ship between Northern and Southern states. For instance, the largest per- 
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Ficure 2. Percentage distribution of all poliomyelitis cases by single years of age under 20, Massachusetts. 
All reported cases for 1916, by type, 1948 to 1952. 
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centage of all reported cases (paralytic and nonparalytic combined) occurring 
in a single year in Massachusetts (1948 to 1952) was in those seven years old. 
In Minnesota (1946), it was in the five-year-old cases. In Nerth Carolina 
(1948 to 1952) and Virginia (whites only—1949 to 1951) it was in cases three 
years of age. In Tennessee (whites—-1948 to 1952), in two-year-old cases. 
In Alabama (whites—1948 to 1952), in one-year-old cases. 
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Ficure 3. Percentage distribution of poliomyelitis cases by single years of age under 20 and by type, Minne- 
sota, 1946, 


TABLE 1 

PoOLIOMYELITIS MorBipIty AND Mortarity RATES BY AGE, AND RATIO OF RATE 5 TO 9 

Years to Eacu AGE Group: MassaAcnuseEtts, 1916, 1935 ro 1939, 1940 Tro 1944, AND 
1948 ro 1952 


1916 Total morbidity Mortality 
Age Age 

5- - s- | 1935- | 1940- | 1948- 

Cares a) carbs ‘1939 | i944 | 1982 | 1930 | 1944 | 1952 

Average annual rates per 100,000 estimated population 
Under 1 year...) 185.8 | 66.9 | Under 1 year.) 10.8 LOR LOLS SS 2a 0 0.2 
1a yieaTseeen en 379.6 | 89.3 | 1-4 years...) 43.8 | 14.2 | 34.1 | 1:4) O23 eeO% 
SSO GENE A 108.6 | 27.8. | 5-9 years...) 37.2 | 21.3 46.64, 1.5 Wie Ore tiaoes 
10514 years. >. .|/) 22-6 | 4.1 | 10-14 years. .| 22.8 | 12.2 | 42.8) 1.5 | 0.6 | 0.9 
15-19 years....} 15.3 : 15-19 years...) 8.7°|) 4.:9°1°20°59), 0.8 "|. OF 4.3ieOeS 
20-29 years. ... 8.7 | 3.5: | 20-24 years.) 13.0.) ‘128h) 14.28: 025 A Ontong 
20-39 vears.. 2.) 2.9% 1.9). 25-34 years. i) TOF le fay eo eet 0.3 1.0 
40-49 years....} 1.6 0.6 |. 35-44 yearsiz) 045) 40749) 93.2 | O10} Or2eieom 
Ratio rate 5-9 to each age group 

Under year...| 1.71 | 2.40 | Under 1 year.| 0.29 | 0.07 | 0.23 1.40 | — | 0.25 
1-4 years...... | 3.49 | 3.21 | 1-4 years.....| 1.17 | 0.66 | 0.73 10.93 | O ora teas 
5-9 years...... | 1.00 | 1.00 | 5-9 years....} 1.00 | 1.00 | 1.00 | 1.00 | 1.00 } 1.00 
10-14 years....| 0.21 15 | 10-14 years. .| 0:41 | 0:57 | 0.92] 1.00] 1:50 ).1.12 
15=19 years. =. 4) 0.14 | ~~ | 15-19-years..| 0.23)|0-23 40.44 "0.53" 1-COmmOnGe 
20-29 years....| 0.08 | 0.12 | 20-24 years..| 0.08 | 0.08 | 0.32 | 0.33 | 0.25 | 0.87 
30-39 years....| 0.02 | 0.07 | 25-34 years..| 0.05 | 0.08 | 0.26 | 0.06 | 0.75 125 
40-49 years... | 0.01 | 0.02 | 35-44 years..| 0.01 | 0.02 | 0.07 | 0.06 | 0.50 | 0.12 


Dauer: Changing Age Distribution 947 


Trends in morbidity rates by age. No definite picture of the age distribution 
can be drawn, nor can conclusions be drawn regarding changes by comparing 
percentages for one period with another, because these data do not reflect 
differences in the age distribution of the population from one decade to another. 
Age specific morbidity or attack rates per 100,000 population must be used. 

There has been a considerable amount of fluctuation in attack rates from 
one period to another in Massachusetts as shown in TABLE 1. These fluctua- 
tions, which are the result of relatively severe epidemics in some five-year 
periods and not in others, make it difficult to show a trend in rates of some age 
groups. This can be overcome to a great extent by using ratios of rates. 
Since the proportion of paralytic cases appears to have been more constant 
in the five-to-nine year group than in other ages, the ratio of the five-to-nine 
attack rate to that of each age group has been used to measure changes in age 
distribution of paralytic poliomyelitis. 

In the upper part of TABLE 1, poliomyelitis morbidity or attack rates by age 
for all reported cases and mortality rates by age are shown for certain time 
periods. In the lower part of TABLE 1, the ratios of the five-to-nine rate to 
that of each age group are shown. In TABLE 2, the attack rates and ratios 
for each sex are tabulated for paralytic and nonparalytic cases in three recent 
five-year periods. The ratios for 1916 (all reported cases) and paralytic at- 


TABLE 2 

POLIOMYELITIS MorBIDITY RATES BY AGE, SEX, AND TYPE OF DISEASE AND RATIO OF RATE 

5 ro 9 YEARS TO Each AGE Group: MAssacuusetts, 1935 To 1939, 1940 To 1944, AND 
1948 ro 1952 


“Males Females 
Age Paralytic Nonparalytic Paralytic | Nonparalytic 
1935- | 1940-| 1948-| 1935-| 1940-| 1948-| 1935- | 1940- | 1948-| 1935- | 1940- | 1948- 
1939 | 1944 | 1952 | 1939 | 1944 | 1952 | 1939 | 1944 | 1952 | 1939 | 1944 | 1952 
| 

Annual average rates per 100,000 estimated population 
Meteriyear...| 7.8| 1.3] 9.3] 2.1) 0.6] 1.9] 10.9) 0.7 | 7.6] O )027' |" 2-9 
1-4 years...... SQ alise2 27.0) 130) 643i I2E2 240 S419 0) So) 1297) 9.8 
peoryears,.....| 22.2 | 12.8} 26.9] 20.8} 12.4 30.3) 18.8} 9.0 | 19.8) 10.8) Off) S24! 
10-14 years... .| 14.7 S027 .O) 12-212 6.1 28.3) 10.2) 4.3 15.3] 7.0 4.9 | 14.6 
15-19 years....| 6.1 | 2.9 10.9) 43) 157) 13.8 3.7) 2.8) 9.0) 258) 1-0 | 6:6 
20-24 years....| 1.2 il 7 7.3) ZA scl ty SN AU ON Ma) 7.8) 1:40.59 | oS.7 
25-34 years....| 1.4 123 6.6, OT) 02) 3. Lie te dy des 8.9) 05 0).0°08) 07405 
35-44 years....| 0.3 0.5 1.5] Onsi OR! 1.1) Oks eOol 1. Oi OR Oez, ee 

Ratio rate 5 to 9 to each age group 

1 | 0.35] 0.10. 0.35] 0.10] 0.05] 0.06 0.41! 0.08/ 0.38] — | 0.10] 0.19 
mee 2.33) 1.03) 1.00} 0.62] 0.34 0.40. ee 0.93 0.96) 0.79) 0.28) 0.63 
5-9 years......| 1.00) 1.00) 1.00) 1.00 1.00 1.00) 1.00) 1.00; 1.00) 1.00) 1.00 1.00 
10-14 years....| 0.66. 0.62) 1.00} 0.60) 0.49 0.93 0.54] 0.48] 0.77| 0.65 0.73 0.95 
15-19 years....| 0.27) 0.23) 0.41) 0.21 0.14 0.45) Ses 0.31 0.49} 0.26) 0.15 0.43 
20-24 years.... 0.05; 0.09} 0.27| 0.07) 0.03 0.28, 0.10 0.13) 0.39) 0.13] 0.07, 0.37 
95-34 years....| 0.06 0.10) 0.25] 0.03) 0.02) 0.16 0.06. 0.14) 0.42) 0.05) 0.08) 0.29 
35-44 years... .|<0.01| 0.04' 0.06, 0.01, 0.01) 0.03) 0.01) 0.01) 0.09) — | 0.03) 0.09 
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tack rates for each sex for 1935 to 1939, 1940 to 1944, and 1948 to 1952 are 
plotted on FIGURE 4. 

When the ratios for 1916 are plotted on a semilogarithmic scale, the result 
is a fairly straight line beginning with a relatively high morbidity under 5 
years, as compared with that of the 5-9 group, and progressively lower rates 
in the age groups greater than 10. 

When the ratios for 1935 to 1939 for each sex are compared with those for 
1916, it becomes evident that a considerable reduction in morbidity had oc- 
curred under 5 years, relative to the 5-to-9 group. There was a relative in- 
crease, however, in rates in the 10-to-14 and 15-to-19 year groups for both sexes 
over the same period of time. In the age groups over 20 years, cases were too 
few in number to indicate significant trends, but there appeared to be no great 
amount of change. 

The ratios for the 5-year period 1940 to 1944 indicated a continuing decline 
n morbidity under 5 years of age as compared with the 5-to-9 age group. No 
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further change occurred in the 10 to 14 and 15 to 19 rates. In this 5-year 
period, there was a relative increase in morbidity, especially in females, in the 
20 to 24, and 25 to 34 year groups. 

There were different types of changes in the ratios in the 1948-to-1952 period. 
Under 5 years, the attack rates increased ralative to the 5-to-9 group as com- 
pared with a decrease in the 1940-to-1944 period. Rates for the 10-to-14 and 
15-to-19 age groups showed a moderate relative increase. A three-fold in- 
crease occurred in the age groups 20 to 24 and 25 to 34, as compared with the 
previous 5-year period. 

The changes described above were also apparent in rates for nonparalytic 
disease as shown in TABLE 2. Nonparalytic rates under five years, however, 
were well below those for the five-to-nine group in each of the five-year periods. 

Data on paralytic poliomyelitis for Maryland in the period from 1925 to 
1951 inclusive are shown in TABLE 3. These figures indicate that the types of 
changes in age distribution in that state were similar to those found in the 
Massachusetts data, except that the magnitude of the increase in the rates for 
the 20-to-24 and 25-to-34 groups was less. 

In Massachusetts, attack rates have been higher in males in all age groups 
throughout all of the periods covered in this report. The amount of increase 
in morbidity in ages over 20 from 1940 to 1944 to 1948 to 1952, however, was 
greater in females. In Maryland, morbidity in females 20 years and over 


TABLE 3 
PARALYTIC POLIOMYELITIS MorBIDITY RATES PER 100,000 EstmmaTeD PoPULATION BY AGE 
AND SEX, AND Ratios oF RaTE 5 To 9 YEARS TO EacH AGE Group: MARYLAND 
1925 to 1951 


Males Females 
Age 
1925- 1930- 1935- 1940- 1945- 1925- 1930- 1935- 1940-— 1945— 
1929 1934 1939 1944 1951 1929 1934 1939 1944 1951 
Average annual rates 
Under 1 year...| 28.7 4.5 6.2 6.3 | 20.7 | 15.4 4.6 | 11.2 SROm I SnS 
1-4 years...... 39.7 | 16.9 | 19.8 | 31.8 | 28.6 | 26.1 11.8 | 11.8 | 18.8 | 20.8 
5-9 years...... TSE See tlle et | ssa sled | wees Ansa Ade Gnie 2029 i 2720 
10-14 years.... 8.5 Dis) SO |) Bast || U7 se 6.7 2.6 On Oi Se 2) Io 
15-19 years.... 4.4 Shai! Se eiseg Okt 0.5 1.6 7560) f3 7.9 
20-24 years.... 1.6 Ls) 0.5 4.4 Sol 0.3 0.3 10 56 Sih 
25-34 years.... 0.1 0.6 0.1 ihets) 4.9 0.9 0 0.3 2.4 die, 
35-44 years. . 0.3 0.1 0.3 Ova Oro EO 0 0 O38 1.4 
Ratios 

Under 1 year...| 1.53 | 0.40 0.45 | 0.18 | 0.65 | 1.25 | 1.07 | 0.95 | 0.18 | 0.48 
1-4 years...... De Ne leas: 1044 10102) OLOOM E212) 2 7411-007) 0290 0.75 
3-9 yers.. .... 1.00 | 1.00 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 1.00 
10-14 years....| 0.45 | 0.21 0.41 | 0.68 | 0.55 | 0.54 | 0.60 | 0.51 | 0.87 | 0.4? 
15-19 years....| 0.23 0.28 | 0.22 | 0.39 | 0.31 | 0.04 0.37 |'0.17 | 0.35 | 0.28 
20-24 years....| 0.09 0.12 0.03 | 0.13 | 0.16 | 0.02 | 0.07 | 0.09 | 0 DE WEALD) 
25-34 years... .|<0.01 0.05 |<0.01 | 0.05 | 0.15 | 0.07 a O02, | Onis 0.26 
35-44 years....| 0.01 0.01 0.02 | 0.01 | 0.03 — — — | 0.01 | 0.05 
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reached a higher level than in males in 1945 to 1951, although the amount of 
increase was less than in Massachusetts. 

Even though paralytic cases could not be separated from the totals reported, 
age specific attack rates and ratios were calculated for total cases in North 
Carolina and white cases in Tennessee, but are not shown in tabular or graphic 
form. These ratios show that there had been a mcderate decrease in the dis- 
ease under 5 years relative to the 5-to-9 group in each state in the past 15 years. 
In Tennessee, there was a very slight increase in rates in ages 20 to 24 and 25 
to 34 relative to the 5-to-9 rate and none in North Carolina. Whether or not 
paralytic rates in adults changed significantly in these states, as they did in 
Massachusetts and Maryland, could not be determined from the data that was 
available. 

Mortality rates by age groups. Mortality rates have decreased to exception- 
ally low levels in Massachusetts in all age groups, especially under five years. 
Ratios of the rate five to nine years to each age group show changes similar to 
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those shown above for morbidity, except that rates under five years continued 
to decline in recent years. The sharp increase in mortality in young adults 
since 1940 parallels that of morbidity. 

Discussion. he data presented in this paper confirm previous reports that 
incidence of paralytic poliomyelitis under five years has decreased when com- 
pared with rates for the five-to-nine age group. In Massachusetts, there was a 
reversal of this trend in the 1948-to-1952 period, while in Maryland it has con- 
tinued, as shown in TABLE 3. It is apparent, however, that, while the paralytic 
rate for the age group one to four years has declined, it has not reached a level 
which is materially below that for the five-to-nine group in recent years, as 
shown in FIGURES 6 and 7. In the five-year period 1948 to 1952 in Massa- 
chusetts, the rates for males one to four years and five to nine years were the 
same and, for females, the one-to-four year rate almost equalled the five-to-nine. 
In Maryland, the rates for males and females in the one-to-four group were only 
slightly below the five-to-nine rates for the years 1945 to 1951. Statistics 
available for California (1950 to 1952) and for New York City (1951 to 1952) 
show that the attack rates in the one-to-four and five-to-nine groups were ap- 
proximately equal in those areas. 

The similarity in age distribution of bulbar and nonparalytic disease in 
Massachusetts was mentioned in a previous paragraph. Since this distribution 
was also present in Minnesota and New York City, it can be assumed that this 
does not represent a peculiarity in reporting procedures. The reason for this 
similarity is not known, but the distribution of each type of disease probably 
depends on different types of factors. A causal relationship between tonsil- 
lectomy and bulbar disease has been established and, since this operation is not 
often performed in early childhood, bulbar cases are infrequent under four years 
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Ficure 6. Poliomyelitis morbidity rates by single years of age and by type, Massachusetts, 1948 to 1952 
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of age. The relative infrequency of reported cases of nonparalytic disease in 
early childhood might be due to nonrecognition, or because such types of cases 
are actually infrequent occurrences. 

The prevailing view is that paralytic poliomyelitis is milder under five years 
than it is in subsequent age groups. As shown in TABLE 4, more cases per 
death were reported under five years than for other age groups in at least three 
states in recent years, a finding that supports such a statement _Bulbar cases, 
however, are less common as compared with other paralytic cases under five 
years of age. Since a fairly substantial proportion of bulbar cases terminate 
fatally, a higher percentage of these cases in the 5-to-9, 10-to-14, and 15-to-19 
year groups may account in part for the greater “severity” of disease in the 
older age groups. 

It is natural to look for reasons for the relative decrease of paralytic polio- 
myelitis under five years of age. One possible explanation is the falling birth 
rate and increasingly smaller families from 1915 to 1940. Since there was a 
reversal of the trend in attack rates under five years relative to those for the 
five-to-nine group in recent years which closely followed a marked increase in 
birth rates beginning about 1940, the falling birth rate as a factor in the relative 
decline in paralytic poliomyelitis under five years is given greater weight. 
It is not suggested, however, that the fall and subsequent rise in birth rates has 
been the only factor which has influenced trends in paralytic poliomyelitis under 
five years. 

The explanation for the sudden rise in paralytic poliomyelitis in ages 20 to 
24 and 25 to 34, which occurred in certain sections of the country in recent years, 
is not clear. Persons making up the age groups 20 to 24 and 25 to 34 in 1948 
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TABLE 4 
NuMBER OF PaRALytic CASES REPORTED PER DEATH 
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to 1952 were for the most part born after 1916, 7.e., from about 1917 to 1932. 
This was a time when poliomyelitis morbidity was relatively low as compared 
with the decade prior to 1917. In this earlier period, severe epidemics occurred, 
culminating in the 1916 outbreak. A larger proportion of persons of all ages 
must have been exposed to infection in that decade than in the following 15 
years. The persons born between 1917 and 1932 were the fathers and mothers 
of children whose numbers increased rapidly after 1940, and among whom 
poliomyelitis attack rates were high in 1948 to 1952. Since there is evidence 
to indicate that it is more frequently the child than the adult who introduces 
infection into the family,® it may be that the relatively high attack rates among 
young adults in the 1948 to 1952 period resulted, at least in part, from intimate 
exposure to a child population in which incidence rates were high and on the 
increase. It is also possible that introduction or dominance of new strains of 
- virus in recent years, against which young adults had little immunity, could 
have played a part in higher attacks in these groups. 

The poliomyelitis attack rates in the United States Army for the years 1939 
to 1953 inclusive indicate a rise at the same time that rates began to increase in 
the civilian population. The average annual attack rate was 2.6 per 100,000 
mean strength for troops stationed in continental United States for the years 
1940 to 1944, as compared with a rate of 9.5 for the years 1948 to 1952. For 
personnel stationed outside continental United States, the rates were 3.6 and 


12.3 respectively, for the same periods. 
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The increase in attack rates in army personnel occurred at approximately 
the same time as the increase in young adults in Massachusetts. Since the 
median age varied from 21 to 23 from 1946 to 1952, this would mean that many 
of the military having poliomyelitis in 1948 to 1952 were born between 1924 
and 1930 inclusive. This corresponds with the period of relatively low mor- 
bidity in the United States. 

The data used in this report do not support the hypothesis commonly ex- 
pressed by some investigators in attempting to explain the wide differences in 
age distribution and total incidence of poliomyelitis found in countries with 
high standards of living, as compared with areas where living standards are 
low. These investigators have assumed that a larger proportion of persons 
living in countries where sanitary standards are relatively high escape infection 
early in life because of these superior standards. Such postponement is said to 
account for high incidence rates in school children and in young adults. It 
appears to the author that a more important factor in producing the changes in 
age distribution of the disease from 1916 to 1945 was the falling birth rate 
over these years—at least in Massachusetts. There is no evidence to indicate 
that the reversal in the trend of paralytic poliomyelitis under five years since 
1945 was related to a lowering of sanitary standards in that state. Changes in 
population resulting from changes in birth rates, differences in effect of climate 
on the host, parasite, and possibly on modes of transmission of infection, and 
other intrinsic and extrinsic factors need to be studied in much greater detail 
before assuming that standards of living alone will account for a large part of 
the differences in morbidity patterns found in different parts of the world. 

More information is also needed before trends in age distribution of polio- 
myelitis can be determined for various sections of the United States. Retro- 
spective studies covering states in each section, however, do not seem feasible. 
It should be possible, nevertheless, to obtain information on the different types 
of disease by age groups in future years, provided there is adequate follow-up, 
of cases on a state basis. This should be done for rural as well as urban areas 
and for Southern as well as Northern states. 

Summary. In Massachusetts, there has been a decline in percentage of 
poliomyelitis cases under five years of age in the four-decade period ended in 
1952. Early in this period, the proportions rose in the 5-to-9 and 10-to-19 
year age groups. In recent years, there has been a sharp increase in cases 20 
years of age and over. 

The largest number of spinal paralytic cases by single years of age in Massa- 
chusetts for the period 1948 to 1952 is found under five years with a peaking 
of cases in the two-year old group. Bulbar types of disease are uncommon 
under 4 years of age and the largest number occurred in 10-year old cases. 
Nonparalytic cases were most numerous in the 5-to-9 and 10-to-14 groups. 

Paralytic attack rates under five years have declined relative to the rates 
5 to 9 years in both Massachusetts and Maryland. In 1948 to 1952, however, 
there was a slight reversal in this trend. 

Since 1940, there has been a relative increase in attack rates in persons 20 
years of age and over. 


It is suggested that the decline in paralytic poliomyelitis under five years was 


Dauer: Changing Age Distribution 955 


related to declining birth rates, and the recent reversal of the trend in mor- 
bidity was related to the increase in birth rates which began about 1940. 

The suggestion is made that the marked increase in attack rates in ages 
over 20 occurred because this was a group that was relatively susceptible, on 
the one hand, and was exposed to a young population with high infection and 
disease rates on the other. 
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POLIOMYELITIS: SEVERITY AND TYPE OF DISEASE IN 
DIFFERENT AGE GROUPS* 


By Dorothy M. Horstmann 


Section of Preventive Medicine Yale University School of Medicine, New Haven, Conn. 


Because of the changing age incidence of poliomyelitis in certain parts of the 
world, considerable attention has been drawn recently to differences in host 
responses associated with age. The problems involved are of concern both to 
the epidemiologist and to the clinician, and they have practical implications in 
both fields. 

That age per se, in addition to other host factors, such as genetic constitution, 
plays an important role in natural and experimental virus infections in animals 
is well recognized. Theiler’s virus, the Coxsackie group, various other neuro- 
tropic viruses, and the tumor viruses have been studied experimentally in this 
respect. Marked differences in susceptibility to infection by different routes 
and, in some instances, marked differences in the character of the response have 
been observed.! 

The age problem in relation to poliomyelitis in the human population is com- 
plicated by several factors, including the prevalence of mild or inapparent in- 
fection which cannot be recognized clinically, and the difficulties encountered 
in defining and reporting of nonparalytic cases. About one aspect, namely 
severity, there is perhaps less confusion, at least if one considers mortality 
statistics as an index. In Connecticut, since 1916, the shape of the curve for 
case fatality per cent by age group has been relatively constant, with the lowest 
per cent of deaths in young children (except those under one year), the incidence 
rising steadily with each age group (FIGURE 1).+ This pattern has been main- 
tained in Connecticut, as elsewhere, despite marked shifts in age incidence of 
the disease, and a marked reduction in case fatality rates. The higher mor- 
tality in 1916 and in 1925 to 1929 is explained in part by the fact that in, general, 
only paralytic cases were reported during this time, the practice of reporting 
nonparalytic cases not having become widespread until the 1930’s. 

The question arises: Is the greater mortality in older age groups due to age 
alone, or to some extrinsic factor or factors? This query cannot be answered 
with finality. There is, however, some evidence to suggest that the greater 
severity—and therefore mortality—in older age groups is perhaps enhanced by 
the ill effects of exercise or continued activity, often carried out under stress, 
after the onset of symptoms of the major illness phase of the clinical disease. 
This is a far more common occurrence in adults than in children.» * Another 
contributing factor to the higher mortality in adults is probably associated with 
the relatively high incidence of the bulbar form of the disease in older age 
groups in some outbreaks. This is, however, a variable occurrence and, in 
some large series, the incidence of bulbar cases has not differed markedly in 


* The personal work reported in this paper was ai i i i 
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Distribution according to age, and case fatality rates, Connecticut 
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Ficure 1. Distribution of cases according to age, and per cent of deaths by age group in Connecticut, 1916 
to 1954. (Data from Doctor James C. Hart, Director, Bureau of Preventable Diseases, Connecticut State De- 
partment of Health, Hartford, Conn.) © 


the various age groups. Furthermore, high fatality rates in adults have been 
characteristic of epidemics in which bulbar cases have been almost absent. 


Epidemiological Aspecis 


Other aspects of the problem of age and severity of disease are contained in 
age specific attack rates for poliomyelitis in various parts of the world. In 
order to interpret the data, some knowledge of the immune status of the popu- 
lation under study is essential. Thus, in the native population of Casablanca, 
French Morocco, the attack rates for paralytic poliomyelitis are virtually nil 
for individuals over two years of age, and are low for the zero-to-two-year-age 
group. An explanation for the lack of cases in older age groups is apparent 
when data on the antibody patterns of the population are reviewed. In a 
recent serological survey of this population,’ we found that, after an initial fall 
in maternal neutralizing antibodies in the first few months of life, a rise in anti- 
bodies begins in the 7-to-11-month period, so that 75 per cent of children 12 to 
23 months of age have neutralizing antibodies to at least one of the three types, 
and by 5 to 9 years of age, 80 per cent have antibodies for all three types of 
poliomyelitis virus! The higher attack rate in the under-two-age group 1s thus 
a reflection of the susceptibility of this age group, which invites a high infection 
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rate, and the absence of cases in older age groups signifies previous infection and 

_ specific immunity. Thus, in such a population, a widespread process of natural 
immunization is occurring, at the price of occasional paralytic cases in infants. 
The actual ratio of paralytic cases to inapparent infection in such a population 
is unknown, but it must be in the range of one to many thousands. In the same 
general type of population in North Africa, a recent study of Egyptian infants 
with symptoms compatible with the minor illness syndrome revealed 7 of 38, 
seen over a 3-day period in one Cairo clinic, to be excreting poliomyelitis virus.” 
Four of these children were under one year of age, and all were under two years. 
All three types of virus were represented, and one child, aged 11 months, was 
excreting 2 types at once. These observations were made when no paralytic 
cases were known in the area, although under-reporting is the rule. 

In marked contrast to the populations studied in North Africa, as far as im- 
munity to poliomyelitis is concerned, are the isolated communities in which 
so-called ‘“‘virgin-soil” epidemics have occurred.*!° When such populations, 
not hitherto exposed, are visited by poliomyelitis virus, one would expect that 
all age groups would have equal attack rates, if susceptibility to infection is 
more or less equal. It has been pointed out by Sabin" that the populations in 
which these epidemics have occurred have suffered extraordinarily, high attack 
rates, that the populations were not only isolated but inbred, and that genetic 
factors might have contributed to the unusual susceptibility displayed. 

An outstanding feature of these outbreaks has been the high incidence of 
cases in older children and young adults, with a relative sparing of children in 
the zero-to-four age group (TABLE 1). Does this signify a relative resistance to 
infection (apparent and inapparent) in young children? _ Or does infection oc- 
cur as readily as in other age groups, and is the relative resistance merely due to 
the paralytic consequence of infection as another example of the tendency to- 
ward greater severity of the disease in older age groups? There is little doubt 
that infants exposed to a familial epidemic become infected. Family studies 
in which household contacts of a frank case have been tested for inapparent — 
infection as evidenced by virus excretion and change in antibody status point 


TABLE 1 
AGE DISTRIBUTION oF POLIOMYELITIS CASES IN ‘‘VrRGIN-SOIL” EPIDEMICS 
Place Year pope Attack rate per 1000 Age groups involved 
Guam 1899 | 8660 | Not known; (8 | Extremes of ages observed 15 to 50 years 
dead, many 
more para- 
: lyzed) 
Nauru 1910 | 1250 554 Predominantly young adults 
St. Helena 1945 | 4000 19 0-4-year-olds spared; predominance of 
" cases between ages 5 and 19. 
Chesterfield Inlet} 1949 | 275 207 0-4-year-olds spared; high attack rates 
1 all other age groups. 
Nova Scotia 1952 | 628 19 1 case under 4 years; 11 of 12 cases 5 to 
i a 38 years. 
Maguse River 1953 18 555 0-5-year-olds spared; 8 of 10 cases over 
10 years. 
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to a high incidence of infection in the youngest age group.” In a recent 
study, we found that all children under 15 (including infants under 1 year) in 
families in which a case had occurred were either excreting virus or possessed 
antibodies to the family virus type.“ Thus, in an arctic “virgin-soil” epidemic 
such as the one which occurred in Chesterfield Inlet in 1949.8 it would seem un- 
likely that susceptible Eskimo children zero to four years of age escaped infec- 
tion in a crowded igloo occupied by a heavily infected family, and that failure 
to become infected accounted for the low attack rate in this youngest age group. 
The age distribution of paralytic cases in “‘virgin-soil” epidemics suggests 
rather, that in a highly susceptible population without previous exposure to 
poliomyelitis virus, young children are apt to have mild or inapparent infec- 
tions, while adults are prone to the more severe paralytic and fatal infections. 
This is a pattern well known to exist in connection with other virus infections, 
notably hepatitis, measles, and mumps. Hepatitis, as has been demonstrated 
by Capps and others,!*: !§ is commonly so mild in young children that it is not 
clinically recognizable, while in young adults it is frequently a severe and some- 
times fatal infection. Measles and mumps in adults are both more severe and 
accompanied by more complications than in children. The mortality of 
measles in older age groups in “‘virgin-soil”’ epidemics is notorious.” 

The age distribution of poliomyelitis cases in a recent epidemic on the island 
of Tahiti presented puzzling features in that the highest paralytic attack rates 
were in the age groups 10 to 14 and 15 to 24, with marked sparing of children 
0 to 4 years of age.!8 Although an epidemic had never been reported on the 
island before, there had been a few paralytic cases in the preceding years, and 
it seemed improbable that this was a ‘‘virgin-soil” outbreak. Part of the high 
rate (particularly in those 10 to 14) seems to have been associated with intra- 
muscular injections which were given to a large per cent of school children in a 
campaign against spirochetal infections. In those not receiving injections, 
however, the age pattern showed a similar form, with a predominance of para- 
lytic cases in the age group 10 to 24. Approximately six weeks after the peak 
of the epidemic, several hundred serum specimens were collected from normal 
individuals in different age groups. These have been tested for the presence of 
neutralizing antibodies, and for complement-fixing antibodies to the three types 
of poliomyelitis virus. The results shown in FIGURE 2 indicate tha t, although 
paralytic cases were chiefly in the 10-to-24-year-olds, infection with the type 1 
epidemic strain was more or less equally prevalent in all age groups up to 24 
years. The most likely interpretation is that pohomyelitis had not spread 
through this population for approximately 25 years (in spite of the sporadic 
cases which had occurred in the few years before the 1951 epidemic). The 
analogy with a measles epidemic which preceded the poliomyelitis outbreak 
by three months is striking. Measles had not been seen on the island for 22 
years. During the course of the outbreak, cases occurred in almost the entire 
population under 22 and, within 4 months, cases had spread to the farthest 
islands in the group, the Marquesas. With poliomyelitis, similarly, the infec- 
tion seems to have involved virtually all individuals under 25, but susceplibil- 
ity to paralysis was greatest in those 10 to 24. As with measles, the disease 
traveled to the other islands, and reached the Marquesas im a period of 2 
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Ficure 2. Age distribution of antibodies to type 1 virus compared with age distribution of paralytic cases 
in the Tahiti epidemic, 1951. Sera, collected 6 weeks after the epidemic, were tested in 1:5 dilution in both neu- 
tralization and CF antibody tests. (Data on attack rates from Rosen and Thooris.'§) 


months; 28 of the 29 paralytic cases on the other islands occurred in individuals 
over the age of 15 years. 

I have concentrated on these special outbreaks, which seem to illustrate the 
effect of age on the incidence of the paralytic disease, because they represent 
less complicated situations than elsewhere, and it has been possible to single 
out age and assume, with some slight degree of confidence, that other things 
were approximately equal. I hasten to add, however, that, in numerous out- 
breaks, the age pattern is confusing and confounding. A good example is the 
outbreak which occurred in Jamaica in 1954*. This was the first epidemic ever 
to be reported on the island, although sporadic cases in all age groups had been 
noted for years. The highest attack rates in 1954 were in the 0-to-4- and 20- 
to-30-year-olds, a remarkable “‘first epidemic”’ pattern, unlike any other with 
which I am familiar. The explanation is indeed obscure. 

The recent recurrent epidemics in Israel, beginning in 1950, also present some 
unusual features with regard to age distribution.!®: 2° As with the earliest 
epidemics in other countries, the infantile group has been chiefly involved, 
85 to 90 per cent of the cases being in children under four years old. The ex- 
tremely high attack rate which was found in the zero-to-four age group [93 per 
10,000] is probably associated with the practice of housing children together 


* I am indebted to Doctor John R. Paul, Yale University School of Medicine, New Haven, Conn., for infor- 
mation about this outbreak. 
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in communal groups from birth. The spread of infection is thus comparable 
to its spread through enormously large families. However, unlike the New 
York 1916 epidemic and similar ones in which attack rates in the under-one- 
year-olds have been half or less of the rates in one-to-four-year olds, in Israel 
there has been a consistently high attack rate in infants under one year. Of 
the 405 cases in this age group in 1950, 98 were between 0 and 5 months of age, 
and 307 between 6 and 11 months. This latter group actually had the highest 
attack rate of any age group, 189 per 10,0002% The usual situation, with 
relative sparing of infants under one year, has been attributed to the presence 
of passively transferred maternal antibodies. The lower incidence in Israel in 
the first 5 months than in the 6-to-11-month period would fall in with this view, 
although the occurrence of 98 cases in the 0-to-5-months group nevertheless 
represents an extraordinarily high attack rate. Since there is reason to sup- 
pose that these infants were probably born of mothers who possessed antibodies, 
the data suggest that protection from passively transferred antibody in the 
first year of life is a relative thing, and can be overcome in certain situations in 
which, for instance, a high dosage of a virulent strain is encountered. The 
same would seem to be true of immunity conferred by mothers’ milk, which 
Sabin has found to be correlated with the presence of maternal serum anti- 
body." Of the Israel cases of 1950 in infants under one year, on whom a feed- 
ing history was obtained, 85 per cent were breast-fed.2° 

In summarizing, then, the discussion so far on the effect of age on the severity 
and prevalence of poliomyelitis: 

First, severity as measured by mortality figures indicate a high mortality 
in the first year (particularly in the first six months) of life, a situation com- 
mon to many infectious diseases in this age group. The lowest mortality for 
poliomyelitis is regularly in the age group one to four years. Increasingly 
higher rates occur with increasing age. 

Second, “virgin-soil” epidemics, and at least one in a relatively isolated 
South Pacific island, viz. Tahiti, suggest that in communities in which young 
and older age groups are equally susceptible, infection sweeps through and in- 
volves virtually all susceptibles, but that the diagnosed cases and cases with 
severe paralysis and death occur much more commonly in young adults, 
whereas young children are more apt to have mild or inapparent infections. 

Third, in many epidemics in which the population is partially immune, so 
many unknowns and variables present themselves that the effect of age per se 
cannot be assessed with any confidence. 


Clinical Aspects 


I should like to turn now to the type of disease by age group and to certain 
clinical differences which have been noted in what we have come to regard as 
the “childhood” and “adult” patterns of poliomyelitis. In a study conducted 
by our department of three epidemics in 1948,” about 400 patients were inter- 
viewed by one person and complete histories taken either from the patient or, 
in the case of young children, from the parents. As a result of analysis of this 
material, several differences in clinical pattern were noted. These are sum- 
marized in TABLE 2. The biphasic “dromedary” course was noted in approxi- 
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TABLE 2 
COMPARISON OF SYMPTOMATOLOGY, CHILDREN AND ADULTS 


Age 2 to9 Age 15 and over 
Type of disease Clinical characteristic 
Number |Percent| Number |Percent 
Paralytic and non- | Biphasic course 69/188 | 37 | 13/11 fee ot 
paralytic 
Major illness— 
sudden onset 156/188 | 82 47/1 17 40 
gradual onset 32/188 18 70/177 60 
Pain—day 1 of major illness 91/188 | 43 | 89/177 | 76 
Paralytic Very severe back pain (relieved by 4/117 2 | 27/90 30 
| motion) 
Paralytic | Prodromal symptoms preceding 
major illness: 
incidence 19/119 | 16 | 34/94 36 
pain, any type 9/119 8 | 24/94 26 
hyperesthesia or paresthesia 1/119 1 10/94 ul 


mately 37 per cent of 188 children aged 2 to 9, but in only 11 per cent of 117 
individuals 15 and over. The incidence of a biphasic course bore no relation to 
the type of disease, i.e., paralytic or nonparalytic. The mode of onset of the 
“second” central-nervous-system phase, or ‘‘major illness” as we prefer to call 
it, since it occurs more often without a previous first phase, also differed in the 
two groups. The onset was sudden with definite and striking fever and other 
symptoms and signs in 82 per cent of children, but in only 40 per cent of adults. 
In contrast, 60 per cent of adults hada gradual, relatively afebrile onset, often 
preceded by a prodromal period of several days to a week or more. During 
this time, pain, hyperesthesia, and paresthesia contributed to produce a rather 
bizarre clinical picture. Pain, as a presenting symptom, was more commonly 
encountered in adults than in children. It was a first-day complaint in 76 per 
cent of adults, as compared with 40 per cent of children. Later in the clinical 
course, pain was a prominent feature in both children and adults. A special 
type of severe pain—most commonly of the low back and frequently relieved 
by motion—was encountered but rarely in children who developed the para- 
lytic disease, but was seen in one third of paralytic cases over 15 years. Pain 
of this type was not encountered in nonparalytic cases, and 21 of the 27 cases 
over 15 in which it occurred subsequently developed severe paralyses. Thus, 
this symptom may be considered to have some prognostic significance. 

The occurrence of prodromal symptoms in the days immediately preceding 
the major illness, in contrast to a definite first phase, was encountered in 27 per 
cent of 250 paralytic cases, but in only 9 per cent of 100 nonparalytic ones. The 
frequency, symptomatology, and duration was more striking in adults than in 
children. Listlessness, anorexia, and irritability were common in all age 
groups, but headache, pain, hyperesthesia and paresthesia were more frequent 
features of the symptomatology in those over 15 years. 

The differences in symptomatology and the greater difficulty in establishing 
a diagnosis in adults who often present an insidious onset with a bizarre picture 
early in the course is brought out by data on the day of hospitalization of para- 
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lytic cases. Thus, of 250 paralytic cases, 81 per cent of those aged 2 to 4 were 
hospitalized during the first four days of the major illness, and 19 per cent on 
the fifth day or later. In contrast, 57 per cent of those over 20 were hospital- 
ized during the first four days, and 43 per cent later than this time. 

To these two patterns, “childhood” and “adult,” a third type should perhaps 
be added, the “infantile” one, encountered in those under one year of age, 
particularly under six months. These cases, the subject of recent studies in 
England” and New York City” frequently show relatively little fever, and the 
characteristic meningeal signs are often absent, in spite of the fact that most of 
the children have severe paralytic involvement. The difficulty of establishing 
a diagnosis of nonparalytic poliomyelitis in this age groups is obvious. 

Finally, as to the incidence of the different clinical types by age group, 7.e., 
nonparalytic, paralytic, and bulbar: statistics are difficult to interpret because 
of the variable criteria used in defining a nonparalytic case, and because of the 
variable practices in different communities as to the reporting of nonparalytic 
cases at all. Nevertheless, with these defections in mind, I should like to pre- 
sent, first, data from New York City* and from Connecticut* which seem to 
illustrate certain trends in different age groups. 

Ficure 3 shows the data for 2053 cases occurring in New York City during 
the period 1951 to 1953. Although attack rates in the under-1 group are 
regularly low as compared to the 1-to-4 and 5-to-9 year olds, the highest per 
cent of paralysis occurred in this youngest group: of 25 cases, 88 per cent were 
diagnosed as spinal paralytic, 12 per cent as bulbar. As Abramson and 
Greenberg’ point out, the low incidence of nonparalytic cases is probably re- 
lated to difficulties in diagnosis in the young infant. Paralytic cases in New 
York City were next highest in the 1-to-4 year olds—/1 per cent; the lowest 
incidence of paralysis occurred in the 10-to-14-year age group—35 per cent. 
The percentage then rose steadily in the older age groups to 75 per cent in those 
30 and over. Nonparalytic cases, on the other hand, were highest in the 10- 
to-14-year olds and lowest in infants and in the oldest age groups. Bulbar 
cases were low in the young children, but more or less the same for those over 
5, increasing slightly in the over-30 age group. 

The figures for Connecticut (FIGURE 4) show similar trends. The nonpara- 
lytic cases were low in those under 5, rose to 60 per cent at 5 to 9, and main- 
tained high levels through 15 to 19, falling off in older age groups, in which 
spinal paralytic and, particularly, bulbar cases were more prominent. 

The figures or the Israel epidemic of 1950 (erGURE 5) which, noted above, 
had a predominantly infantile age distribution similar to that in New York 
City in 1916, and quite unlike that for New York and Connecticut in the last 
few years, nevertheless show surprisingly similar trends in the different age 
groups.!® ide 

The data for the three areas given in FIGURES 3, 4, and 5, in all of which the 
highest percentage of paralytic cases occurs in children under five and in adults, 
would seem to be in conflict with that based on “virgin-soil’”’ epidemics, pre- 

* Lam indebted to Dostor Morris Greenberg, Director, Bureau of Preventable Diseases, New York City De- 


i Preventable Diseases, Connecticut State 
rtment of Health; and to Doctor James C. Hart, Director, Bureau of Preven ' 
epertnent of Health, Hartford, Conn., for making these data available to me. 
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sented earlier, which indicated that young children are relatively resistant to 
paralysis, compared to older age groups. No completely satisfactory expla- 
nation for this paradox is at hand. A possibility exists, however, that in popu- 
lations such as those in New York City and in Connecticut, which are made up 
of varying proportions of susceptibles and immunes, individuals 5 to 20 years 
of age may have some protection against the epidemic type of poliomyelitis 
virus by virtue of previous contact with other types, and the possession of 
“heterologous” antibodies. As a result of such immunity, the individual 
suffers a modified, nonparalytic attack rather than a paralytic one. The oc- 
currence of heterologous immunity in man has been postulated previously,” 
and recent laboratory data supply evidence that the three types of virus share 
common antigens. Heterologous neutralizing antibodies have been shown to 
develop following infection in humans” and, recently, complement-fixation 
tests have demonstrated relationships between the three types.?® It is also 
known that the incidence of neutralizing antibodies to more than one type in- 
creases with age. In addition, there is experimental evidence of some degree 
of cross-immunity between types of poliomyelitis viruses. That the pos- 
session of heterologous antibodies might modify the clinical response to infec- 
tion is suggested by recent work reported by Sabin. In experiments with 
cynomolgous monkeys, which possessed type 2 antibodies either as a result of 
inapparent infection after ingestion of the Y-Sk strain, or as a result of vac- 
cination with formalin-killed Y-Sk tissue culture virus, Sabin and his co-workers 
found that there was considerably less paralysis on oral challenge with the viru- 
lent type 1 Mahoney strain, than occurred in control animals which had never 
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Ficure 5. Clinical type of poliomyelitis related to age: per cent nonparalytic, spinal paralytic, and bulbar 
cases by age group, Israel, 1950. (Data from Marberg.'*) 
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been exposed to type 2 Y-Sk virus. It is significant, as pointed out by Sabin, 
that none of the animals with Y-Sk antibodies was protected against infection 
with type 1 virus, for all developed antibodies, but there was some protection 
against paralysis—7.e. the infection was modified and was milder. It seems 
not unlikely that, in the human population, the vulnerability of the young 
child, as far as paralysis is concerned, might be due to the larger number for 
whom the clinical attack, as a result of a virulent epidemic strain, represents 
the first infection wilh any lype. Correspondingly, the higher incidence of 
nonparalytic cases in older children in epidemics might be correlated with the 
possession of heterologous antibodies which modify the clinical response. 

It is recognized that a multitude of largely unknown factors complicate the 
picture. and no simple answer is adequate. In fact, as with other problems 
associated with the effect of age on the host response to infection with polio- 
myelitis virus, the questions one raises are largely unanswerable, but neverthe- 
less provocative. 
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IMMUNIZING INFECTIONS WITH POLIOMYELITIS VIRUSES AND 
SEROIMMUNE PATTERNS IN SOUTHERN LOUISIANA* 


By John P. Fox, Henry M. Gelfand, Pravin N. Bhatt, 
Dorothy R. LeBlanc, and Donald P. Conwell 


Section of Epidemiology, Department of Tropical Medicine and Public Health, School of 
Medicine, Tulane University of Louisiana, New Orleans, La. 


The relative infrequency of overt disease, as compared with infection, has 
long imposed a serious barrier to full understanding of the mechanisms involved 
in, and the factors which influence, the dissemination of poliomyelitis viruses. 
As less cumbersome laboratory methods have been developed, increasing efforts 
have been made to chart the occurrence of past infections in selected population 
samples by means of serologic surveys!:** and, in a few cases, by survey of 
serially collected sera, to discover the frequency of immunizing infections 
within defined periods of time.‘:® Efforts have also been made to discover 
persons actually harboring virus. Poor environmental sanitation, low eco- 
nomic status, and large families have been named as factors contributing to 
early development of immunity.’ Also, much evidence has accumulated to 
show that the probability of harboring virus increases with proximity to known, 
overt cases, and is maximum in child household associates of such cases.®: 7 

The work described in this paper relates to populations in southeastern 
Louisiana and was divided into two parts. The first concerned itself with 
determining the extent of infection within the households of patients with 
clinically diagnosed disease occurring in late 1951 and in 1952. This project 
has been completed and is being reported in full detail elsewhere.* The objec- 
tive of the second part was to determine when, and under what circumstances, 
the average individual, selected without reference to overt disease, acquires his 
immunizing infections. A corollary development, the delineation of patterns 
of seroimmunity within the study group, may reflect the patterns in the com- 
munities from which the group was selected. This second project is being re- 
ported now only in preliminary fashion. 


Infections within Households of Poliomyelitis Patients 


During the period from September 1951 through November 1952, specimens 
were collected from all members of 31 households that contained, in each 
instance, one or more patients admitted to the Charity Hospital Poliomyelitis 
Center in New Orleans within the first week of an illness diagnosed clinically as 
poliomyelitis. This center serves the southern third of Louisiana, and nearly 
half of the households were outside the city of New Orleans. The specimens 
included single stools and sera taken as soon as possible after admission of the 
patient to the hospital and second sera collected about six weeks later. At- 
tempts were made to isolate and identify cytopathogenic viruses from all stool 
specimens and to demonstrate quantitatively the presence of neutralizing anti- 
body to all three types of poliomyelitis viruses in the paired sera. Nearly all 


* This work was aided by a grant from the National Foundation for Infantile Paralysis, Inc., New York, N. Y. 
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of this work was done using tissue cultures of the plasma-clot type containing 
skin-muscle tissues obtained from premature infants dying soon after birth. 
The specific techniques, patterned closely on those developed by Enders and 
his group,® have been described in detail elsewhere.s Two of the households 
yielded, respectively, a group B strain of Coxsackie virus and an as-yet-uni- 
dentified cytopathogenic agent. Three additional households yielded no 
viruses and no clear-cut serologic indication of poliomyelitis infection. Fur- 
ther discussion, therefore, will be restricted to the remaining 26 households 
from each of which was obtained at least one typable strain of poliomyelitis 
virus, type 1 in 23 instances, and type 2 in 3 households. 

Of a total of 32 patients, 24, or 75 per cent, were demonstrated to be shedding 
virus. Type-specific diagnosis of the remaining eight patients was supported 
by diagnostic or compatible serology and by the finding of virus in the stools 
of one or more associates in each instance. Present interest lies in the extent 
of infection among the entire group of household associates, totalling 123 per- 
sons. From 45, or 37 per cent of these, virus strains were isolated in the single 
stool specimen collected. 

Since, for obvious reasons, virus may not have been recovered from all in- 
fected associates, serologic evidence of infection also was sought. An analysis 
of the results of titrating the paired sera from the entire group for neutralizing 
antibody to the household virus type is presented in TABLE 1. The titrations 
involved testing serial fourfold dilutions of serum against approximately 100 
tissue-culture infectious doses of virus and inoculating 2 cultures per serum 
dilution. Differences in titers of simultaneously tested sera greater than four- 


TABLE 1 


DISTRIBUTION OF MEMBERS OF HOUSEHOLDS INFECTED WITH Tyres 1 or 2 POLIOMYELITIS 
Virus By CLINICAL STATUS, PRESENCE OF VIRUS IN STOOL, AGE AND CHANGE IN TITER 
or Homotocous NEUTRALIZING ANTIBODY REVEALED BY TITRATION OF PAIRED 

SPECIMENS SERUM 


Number of persons whose paired sera 
showed homologous antibody titers as 
indicated: 
Total Number iy: 
A ; : N ficant 
Category of persons See ie, eae . sd an ies ehanne. a a ee 
Rise a 
>4X | > 4X | Titers | Titers | body* 
H of 1:320 of 
or > | <1:320 
Patients All 32 28 10 17 1 
Contacts shedding All 45 32 9 1} 19 3 
virus ; 
Contacts without dem- 0-4 s) 5 4 P : 
onstrated viruc in 5-9 12 12 3 1; 3 
stools . 10-19 10 10 1 17 4 3 1 
20 plus 51 48 6 18 21 3 
All 78 75 14 2 25 28 6 
i} 


* No antibody in 1:10 final dilution of either serum specimen on screening test nor in 1:5 dilution when re- 
Pe individuals from household No. 18, the second serum specimens from whom were collected after an interval 
of six months. 
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TABLE 2 
DISTRIBUTION OF FAMILIAL ASSOCIATES OF PATIENTS IN 26 HOUSEHOLDS INFECTED 
with Types 1 or 2 PotiomyeLitis Virus BY AGE AND EVIDENCE OF 
CURRENT INFECTION 


Infection status of household associates 

Age group (yrs.) Brae Definite* oe Possiblet Probably nott 
+ Per 7 Per 7 Per Numb Per 
Number cents Number cents Number Gat umber! cents 

0-4 OL ZT Sa rod 97 31 97 1 3 

5-9 24 al 50 16 67 19 79 5 21 
10-19 14 4 28 6 43 10 71 4 28 

20 plus 53 2 4 8 15 26 49 oH) 51 

| } | 
All | 9128 450) Sl edenot 49 | 86 70..-|: 3 Tog ee 


recent infection. 

t Includes those who remained nonimmune during the period of observation plus those whose titers were low 
enough to suggest immunity resulting from a past infection. 

§ Per cent was computed on the basis of the total number of associates even though not all furnished both 
stool specimens and paired serum specimens. 


fold have been regarded as of probable diagnostic significance. It will be noted 
that, of 60 certainly infected individuals (patients or contacts shown to be shed- 
ding virus), whose paired sera were tested, 20, or 33 per cent, manifested such 
a change im titer. Of the remainder, 90 per cent, or all but four, manifested 
serum titers of 1:320 or greater, or high enough to be considered compatible 
with current infection. In contrast, the remaining contacts, from whose 
stools no virus was obtained, showed significant changes in titer in only 16 in- 
stances, or 21 per cent, and “‘high”’ titers in only 25 instances, or 33 per cent. 
Further, the changes were relatively more frequent in persons under 10 years of 
age. 

In TABLE 2, all of the household associates have been distributed by age and 
in accordance with the available evidence as to their infection status. If one 
cumulates into one group the associates found to be shedding virus with those 
showing a probably diagnostic change in antibody titer, the over-all proportion 
of almost certainly infected associates rises to 49 per cent. Forty-seven of the 
61 such associates were under 10 years of age. The remaining associates have 
been classed as only possibly infected on the basis of high antibody titers (21 
per cent) or almost certainly not infected (30 per cent). These 2 groups to- 
gether included 45 persons 20 years or older, but only 9 below age 10. Included 
in the “not infected” group are 6 persons (3 children and 3 adults) whose sera, 
as shown in TABLE 1, contained no antibody to the household virus type and 
who must, therefore, be regarded as nonimmunes who escaped infection during 
the household episodes. As such, they constitute exceptions to the general 
conclusion indicated by the over-all results, i. ¢., that, when an overt case of 
poliomyelitis occurs in a household, the other susceptible members are usually 
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infected concurrently. The probability of their being infected is, of course, 
inversely related to age and approaches 100 per cent in the zero-to-four-year- 
old group. 


Infections in Households with Newborn Infants 


While evidence such as that just presented suggests that infections are very 
likely to occur in persons associated with patients with overt disease, it does not 
bear on the problem of when, and under what circumstances, the great bulk of 
immunizing infections occur. To approach this problem, newborn infants were 
selected as the one certainly nonimmune segment of the population, the con- 
tinued close observation of which should yield information of the nature de- 
sired. More than 150 infants were recruited originally, for the most part in 
the period of April through November of 1953. They were divided as nearly 
equally as possible with respect to race or socioeconomic group (Negro, white 
lower, and white upper), to birth order (first, second or third, and fourth or 
higher), and to area (New Orleans and Baton Rouge as urban areas of low and 
high past incidence of poliomyelitis, respectively, and the Evangeline area of 
semirural character and low past incidence of disease). 

As each infant was admitted to the study, a basic family record was prepared 
containing all possible information of future epidemiologic interest, and base- 
line sera were taken from all members of the household. Each month there- 
after, the household was revisited to obtain an interval clinical and epidemio- 
logic history and stool and blood (heel-puncture) specimens from the index 
child. These specimens have been processed, using HeLa cell culture meth- 
ods,!° on as current a basis as possible. Evidence of infection, so far usually 
first indicated by seroconversion, has been the signal for immediate return to 
the household for additional information and for pertinent specimens from 
household and other indicated contacts. In April and May of 1954, the first 
“annual”? sera were obtained from all household members to seek evidence of 
household infections not contracted by the index children. It is planned to 
repeat these collections yearly during the projected five-year life of the study. 
In the Baton Rouge and the Evangeline areas, recruitment and the routine 
collection of specimens and information has been materially assisted on a volun- 
tary basis by the nurses employed in the local Public Health Departments. 

This study has been in progress for nearly 2 years, during which time only 11 
households have been lost, 4 because of noncooperation and 7 because they 
moved out of the area. The present study group embraces 146 households 
containing 150 original index children (4 sets of twins), 21 recently born younger 
siblings who are being followed in the same manner as the index children, and 
670 older household associates. The average period of observation per house- 
hold and original index child is 1614 months (range 9 to 21 months). During 
this time, a number of interesting observations have been made. ; 

A total of 65 immunizing infections have taken place among 150 index chil- 
dren. While 4 children have had multiple infections (3 with 2 virus types and 
1, at age 17 months, having had his third infection), each infection or con- 
version is treated in the following as a separate event. Further, seven of the 
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TABLE 3 


DISTRIBUTION OF 58 IMMUNIZING INFECTIONS IN INDEX INFANTS BY MONTH OF 
OccURRENCE AND BY VIRUS TYPE 


Number of Infections with virus 
of type ; ‘ 
Month and year Total infections 

1 2 3 
UROL eee Oe ere ie pamee Cite Oral 1 : 

t BY Gag ES es rae er arartis RANRICRS Saver cu 1 
Mar 4254 fet ae Oe ae ee 1 1 
Mia yin 54 ws. nema ties Seenslvvepetih hen rs sateen Z 2 
Tiel oY he ld apt Gels RRA aoe ob ards 2 2 4 
QUI a ee Be ole too tong Boao Hci on oot 11 8 19 
Avie SA ii, cits cats cies ian tate norte 3 4 4 Tt! 
Sep tayS 4c aegis e 3 2 5 
CCR Sd Seem te er se eae ee on ae 2 6 8 
INO: SS eycheceeta te ne Chine eet ayes 1 1 3 5 
Deese54 anti ei ees ik 1 


* Observations for December are incomplete. 


infections are indicated so far only by the continued persistence of antibody 
long beyond that expected for antibody of maternal origin. While such infec- 
tions certainly took place during the first six months of life, the pertinent stool 
specimens either do not exist (in four instances the infants entered the study 
some time after birth) or have not yet yielded virus isolations, and it has not 
been possible to fix the precise time and age of infection. The remaining 58 
infections represent instances in which the new appearance of antibody has been 
observed. Probably because our technique for virus isolation has been rela- 
tively insensitive,* the fact of seroconversion usually has been our first and 
most reliable indication of infection. While virus isolates compatible in type 
have been made from at least one stool specimen (usually that collected with 
the first positive blood specimen), in 37 of the 48 instances in which the stools 
have been examined, the full story as to time and duration of fecal infection 
will not be known until the pertinent specimens have been re-examined in 
monkey-kidney cell tubes.!!' Except as indicated, further reference will be 
made only to these 58 “temporally defined” infections. 

Initial interest is in the time that these infections occurred in terms of both 
calendar time and age. In TABLE 3, the infections are distributed by calendar 
month and by virus type. While some of the seven undefined infections (not 
included in the table) may have taken place as early as the summer of 1953, all 
of these and three of the defined infections certainly occurred before April of 
1954. A new season was perhaps initiated in May of 1954, when two conver- 
sions were recognized. Since then, there have been four or more conversions 
in every month but December, for which the returns are incomplete. July and 
August represented the months of maximum frequency. In TaBLE 4, distribu- 
tion is by age of the converting infants. While the preponderance of infections 
took place in the age span of 10 to 16 months, the great bulk of the infants were 

* In order to circumvent the high degree of toxicity of stool extracts for HeLa cells, it has been necessary to 


permit only a brief period of contact between the cells and the stool inoculum and to follow that with a thorough 
washing of the cultures. 
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TABLE 4 


DIsTRIBUTION OF 58 IMMUNIZING INFECTIONS IN INDEX INFANTS By AGE AT 
WuicH INFECTION OccCURRED 


Age in months Number of infections Age in months Number of infections 
4 2 14 8 
5) it 15 4 
6 1 16 6 
9 2 17 3 
10 4 18 2 
11 8 21 2 
12 9 22 2 
13 3 23 1 


borninto the study during the 4-month period, June through September of 1953, 
and were necessarily of closely similar ages during the summer of 1954 when 
infections were most frequent. While this bunching of infections on both a 
seasonal and age basis is probably largely determined by a seasonal increase in 
virus dissemination, an age-related increase in risk of exposure remains a possi- 
bility. Observation of the newborn younger siblings who are continually enter- 
ing the study, because of the resulting increased diversification of age with 
relation to season in this early period of life, should provide more evidence on 
this point. Of considerable interest is the fact that 11 infections (4 defined and 
7 undefined, temporally) took place in the first 6 months of life and that, in 3 of 
the undefined instances, it can be stated definitely that maternally derived 
antibody was still present at the time of infection. 

As shown in TABLE 3, type 3 infections were most common (31 infants), type 
2 were next (20 infants), and type 1 lagged far behind (only 7 infants). Actu- 
ally, 25 infections had occurred before the first type 1 infection was recognized. 
Interestingly, these immunizing infections paralleled very closely in virus type 
the 10 clinical cases coming from the study area and typed in 1954. Five of 
these were with type 3, 3 with type 2, and 2 with type 1 virus. 

The occurrence of infections with reference to area and racial or socioeco- 
nomic group is shown in TABLE 5. The areas differ chiefly with reference to 
virus types encountered. More than half of the type 2 infections occurred in 
the Evangeline area, whereas six of the seven type 1 infections were in New 
Orleans. Only type 3 infections were equally distributed. When race and 
economic status are considered, possibly significant differences also are encoun- 
tered. Conversion rates among the 68 Negro and 40 white index children from 
the lower economic group were 37 and 32 per cent, respectively, while that for 
the 42 children from the white upper group was a rather surprising 48 per cent. 
A partial explanation of this may lie in the fact that all but 3 of the latter chil- 
dren had older siblings, whereas the Negro and white-lower index children 
included 18 and 12 first-born infants, respectively. The considerable impor- 
tance of family size as a factor influencing the occurrence of infection is indi- 
cated by the fact that, of 33 first-born index children in the entire study group, 
only 8, or 24 per cent, converted, whereas of 117 children with one or more older 
siblings 50, or 43 per cent, experienced immunizing infections. 
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TABLE 5 


DISTRIBUTION OF 58 IMMUNIZING INFECTIONS IN InpeEx INFANTS BY AREA, 
RACIAL OR SOCIOECONOMIC GROUP, AND VIRUS TYPE 


= 


| Number of conversions in area indicated 
Race or socioeconomic status Virus type | Sy 
| Evangeline | Baton Rouge Bana | All 
: fe 1 0 0 1 1 
Se 2 yes 1 0 5 
3 | 7 7 5 19 
All 11 8 “ ms 
White low 1 0 1 
ite lower ; : : ‘ : 
5 0) 1 3 | 4 
All 1 3) 9 13 
White upper 1 0 0 3 3 
2 6 3 0 9 
3 3 3) 2 8 
All 9 6 5 20 
All 1 0) 1 6 7 
2 11 5 4 20 
3 10 11 10 31 
All 21 17 20 58 


As previously mentioned, return visits were made promptly upon discovery 
of the fact of infection in order to obtain additional specimens, both of blood 
and of feces, from household and other contacts, and these visits also added in- 
formation of both clinical and epidemiologic interest. Most of the stool speci- 
mens and a few of the sera remain to be examined. The serologic results so 
far available, however, indicate that, of 58 older associates of converting index 
children (5 adults and 53 children under 15 years of age), only 2 children failed 
to convert along with the index child. This finding suggests that, as was ob- 
served in households with clinical cases, purely immunizing infections also 
occur on a household basis. 

The pathways by which infection gains entrance into the household thus 
become of predominant interest. Evidence just presented suggests that, in a 
general way, older siblings of infants help to bring infection into the household. 
Investigation of specific instances of infection have yielded bits of additional 
information. In fourinstances, conversions took place simultaneously in pairs 
of, or, in one case, ina group of three households among which frequent visiting 
occurred. In one instance, the index infant, an only child of immune parents, 
said to have “‘no” play contacts, was accustomed to play in a back yard con- 
taining an “overflowing” privy used by other families and had been observed 
to eat dirt. Only twice, once through a single link involving an older nonim- 
mune sibling and once through a questionable two-link chain, has infection of 
an index child been related to instances of paralytic disease. 

Evaluation of the clinical information obtained poses a problem, since the 
special interrogation at the time of revisiting, over and above that conducted 
during the regular monthly visit, constitutes an inescapable bias, Certain 
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on 


Statements, however, can be made. Temporally defined infections have oc- 
curred in 58 index infants and in 56 older associates, or a total of 114 members of 
our study group. Retrospective evidence has been obtained that, at an appro- 
priate time, 23 of these persons experienced minor but rather nondescript fe- 
brile illness associated with one or more of the following signs and symptoms: 
listlessness, headache, vomiting, constipation, myalgia, and stiff neck. In one 
such instance, a 22-month-old index child refused to walk or use his arms for 
a period of 4 days. In no instance, however, has infection been associated with 
illness which, at the time of its occurrence, was considered to suggest infection 
with poliomyelitis virus. 


Patterns of Seroimmunity 


Within certain limits, the members of the households containing index infants 
constitute samples of the communities within which they reside. Specifically, 
while the households were selected to represent certain attributes of possible 
importance to the spread of poliomyelitis viruses, the representation achieved 
was certainly not proportional. Also, there is an obvious bias stemming from 
the selection only of households with newborn infants that is largely responsi- 
ble fora paucity in the study of persons in the 10-to-19 and 30-years-and-over 
age brackets. Nevertheless, the seroimmunity patterns indicated in TABLE 6 
are of some interest. 

It should be noted that the pattern, as of admission to the study in 1953, is 
basically presented, but that changes in the pattern representing the status in 
April and May of 1954 are indicated by percentage figures in parentheses. 
Attention is called first to the patterns for type-specific antibody within the 
entire group. ‘These patterns are nearly identical, and they share two impor- 
tant, common attributes: (1) there is a sharp upward swing in per cent of per- 
sons immune after age three from an average of about 30 per cent to 60 per cent 
or more; and (2) near peak percentages (84 to 86 per cent) are reached in the 
second decade. One may also note that, in the interval between collection of 
the admission and of the first ‘annual’ sera, except for single persons in the 
5-to-9- and 20-to-29-year age brackets, all infections occurred in children under 
5 years of age, and most of these were with type 3 virus. 

The remainder of the table attempts to present a composite picture of the 
immunity pattern to all three virus types with reference to racial or socioeco- 
nomic group and to area. A footnote to TABLE 6 explains the derivation of the 
figures. Chief interest lies in the clearly delayed build-up of immunity in the 
white upper-economic group reflected in the low figure for over-all immunity 
(62 per cent), as compared with those for the Negro and white lower groups 
(77 to 79 and 74 per cent, respectively). The patterns for New Orleans and for 
the Evangeline area are very closely similar with over-all figures of 71 to 73 and 
75 to 76 per cent, respectively. Considering that it represents an area of sig- 
nificantly higher past incidence of disease, the pattern for Baton Rouge differs 
to a surprisingly small degree but in the expected direction of lesser over-all 
immunity (69 and 70 per cent) and of slower build-up of immunity with age, 
which is most evident in the 10-to-29-year span. Information as to the pro- 
portionate distributions of the populations of these areas with respect to race 
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TABLE 6 
PER CENT oF HovusEHotp AssocraTES OF INDEX INFANTS SEROIMMUNE TO POLIOMYELITIS, 
By RACIAL OR SOCIOECONOMIC GRrouP, BY AREA AND BY AGE ON ADMISSION TO STUDY 
IN 1953 


ae = 


Number of persons Per cent of 1953 and of (1954) sera positive 


From From a For all antibody t pest from 
rou F ll areas y. 
g p rom area 1 


indicated* indicated** antibody type 


Age group 


(yrs. ) Group indicated* | Area indicated** 


Ne- | Wh.-| Wh.-in'9, [B.R. | Ev. 


Me | | Wp | N-0-| BR.) Ev, gro | lo. | up. 


gro | lo. up. 


Total 
Ro 
w 


14) 7| 12| 16 9] 8] 33/30] 18118 | 26 | 22 | 14 | 27 | 1Smuae 

i (27)| (31) (17)| (29)| (19) (25) 

2 25} 9| 9] 18] 13} 12! 43| 49 | 33 | 16 | 36 | 37 | 18] 31 | 36 | 31 

(26)|(41) (35)| (38)| (33) 

3 21} 15] 14) 20] 15] 15] 50] 36 | 34 | 18 | 38 | 27 | 19 | 30 | 22 | 36 

(38)| (36)| (28)| (44)| (29)| (24)| (35)| (27)| (40) 

4 17) 7] 7| 11] 11/ 91 31] 58 | 42] 61 | 55 | 67 | 39 | 55 | 58 | 48 
(61) (68)| (61) (58)| (64) 

5-9 44| 34] 35| 40] 36] 37| 113] 68 | 64 | 73 | 79 | 63 | 60 | 68 | 68 | 68 
(74)| (80) (69) 


10-19 39| 24) 7} 33) 21] 16] 70] 86 | 84 | 86 | 91 | 89 | 52 | 93 | 78 | 79 
20-29 69| 50} 38) 58} 47| 52] 157) 87 | 90 | 87 | 96 | 89 | 75 | 88 | 80 | 95 


30+ 74| 36) 63] 73) 46) 54/ 173) 86 | 93 | 90 | 93 | 92 | 84 | 86 | 90 | 93 


All 303] 182} 185) 269} 198) 203) 670} 73 | 72 | 71 | 77 | 74 | 62 | 71 | 69 | 75 
(73)|(79) (73)|(70)| (76) 


* Wh.-lo. = white lower; Wh.-up. = white upper. 

** N.O. = New Orleans; B.R. = Baton Rouge; Ev. = Evangeline. 

} The basic percentages refer to observations made on the admission sera (1953). Where examination of the 
1954 sera revealed that conversions had taken place in the intervening period, the percentages reflecting the 
changed status in 1954 are shown in parentheses. 


t Percentages positive for all antibody types were determined by totalling the numbers positive for each type 
to form the numerator and multiplying the number in the base population by 3 to form the denominator. 


and economic status would be of obvious interest at this point, but is not at the 
moment available. 


Comment 


The observations of households with overt cases of disease chiefly extend a 
considerable number of similar previous observations® and help to emphasize 
the fact that, when the disease poliomyelitis strikes an individual, nearly all of 
his then susceptible household associates are concurrently infected. Since, un- 
fortunately, all sera collected in this study were inactivated immediately upon 
separation, no search could be made for circulating virus. By making such 
tests and relating positive findings to the age of the index case, Bodian and 
Paffenbarger’ have obtained evidence that young members of a household are 
infected, as a rule, before older members. 

It should be emphasized that the observation of newborn infants and their 
household associates is still in an early stage and that even the results reported 
for the average 16-month period of observation completed are of preliminary 
nature only, since much of the material collected remains to be examined for 
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the first time. Many indicated re-examinations have not yet been made. The 
problem of determining the time and circumstances under which the usual 
immunizing infection occurs is vital to the basic understanding of the dissemi- 
nation of poliomyelitis viruses. The present study constitutes the obvious but 
necessary approach to the problem. Unfortunately, however, it is nearly 
unique. The only similar study so far reported was conducted on a very small 
scale among South African Negros by Gear.” 

Several interesting facts have already been revealed: (1) infection of young 
children is favored by their having older, nonimmune siblings, presumably to 
bring home the virus; (2) infection may occur, though perhaps infrequently, in 
infants still protected by maternal antibody; (3) silent infections of young index 
children, as with infections resulting in overt disease, are usually accompanied 
(and probably preceded) by infections in all nonimmune older household as- 
sociates; (4) of 114 infections in index children and associates documented as 
to time of occurrence, only 23 yielded retrospective histories of suggestive 
minor illness and none experienced disease clinically recognized at the time 
as poliomyelitis; (5) in only 2 of 55 households could infection be linked, 
even possibly, to the occurrence of paralytic disease; yet (6) the distribution 
of infections in the study group by virus type paralleled closely that of pa- 
tients admitted to the hospitals from the study areas in the same period. 

Completion of the examination of material already collected and continued 
observation of the study group should provide even more interesting informa- 
tion. While evidence already obtained indicates that maternally derived anti- 
body rarely persists to the sixth month, titration of the mass of heel-blood 
specimens collected serially from birth should define precisely the rate and time 
of disappearance of such antibody. Utilization of more sensitive techniques 
for isolation of virus should permit more accurate estimations of the period 
during which virus is shed in the feces. Coupled with quantitative antibody 
determinations, such methods should also provide evidence as to the frequency 
of reinfection of seroimmune individuals under conditions of known household 
exposure. As increasing numbers of infections are detected, statistically firmer 
bases should be developed for evaluating the influence of such factors as race 
or socioeconomic status, family size, and regional or area environment. 

Consideration of the study group as a valid population sample is open to 
some question. Nevertheless, within the study group, an inverse correlation 
was shown between economic status and rate of development and over-all 
extent of seroimmunity. Considering the study group as a whole, the percent- 
age of immunes rose sharply after age three and reached near maximal figures 
in the second decade. This pattern, by currently accepted theory, fits well with 
the relatively low past incidence of disease in the bulk of the composite study 


area. 
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Discussion of the Paper 


Doctor JoHn R. PauL (Section of Preventive Medicine, Yale University 
School of Medicine, New Haven, Conn.): Doctor Fox reports the kind of a sur- 
vey that I wish I had done myself. He has given us the opportunity to see 
when infants living under the conditions of his experiment acquire their first 
infection. In this connection, the phenomenon of the infant becoming in- 
fected as it is losing, or has just lost, its maternal antibody would seem to me 
to be important. If the child becomes infected at this time, is it a fortunate 
thing? Does this partial resistance on the part of the infant bear any rela- 
tionship to the ratio of apparent to inapparent infections in the very young, 
or to the fact that the infection is milder in infants than in children who are 
older? Is that not what happens so frequently in a population such as that in 
Cairo, Egypt, where the reported incidence of poliomyelitis is very low and 
practically no cases are reported in native-born citizens who are over the age 
of six years? In contrast, in the northeastern parts of the United States, we 
witness the fact today that many children are being born without maternal 
antibodies as a result of the fact that a whole generation of susceptible mothers 
have reached the child-bearing age without having had the benefit of previous 
exposures and infection, whether apparent or inapparent. The degree to 
which this is true can be appreciated when one realizes that more than 30 per 
cent of the cases of clinical poliomyelitis in New England occur in individuals 
over 15 years of age. This gives us some idea as to how many children are be- 
ing born there each year without maternal antibodies. j 

I congratulate Doctor Fox on this fine study. 


A LONGITUDINAL STUDY OF INFECTION WITH POLIOMYELITIS 
VIRUSES IN AMERICAN FAMILIES ON A PHILIPPINE MILITARY 
BASE, DURING AN INTEREPIDEMIC PERIOD* 


By W. McD. Hammon, Ernest H. Ludwig, Gladys E. Sather, and 
William D. Schrack, Jr.f 


Department of Epidemiology and Microbiology, Graduate School of Public Health, 
University of Pittsburgh, Pittsburgh, Pa. 


Epidemics of poliomyelitis with exceptionally high morbidity rates have from 
time to time involved United States and British military personnel and de- 
pendents on foreign bases. Natives in the same general area were frequently 
noted not to have an increased incidence. Americans have experienced a 
series of such incidents in the Philippine Islands, culminating in an unusually 
severe outbreak with about 50 cases on a United States Air Force Base in 1952. 
This outbreak, like many others, occurred at the same season of the year when 
epidemics occur in the United States. The Air Force requested advice regard- 
ing possible prevention of such episodes. A study to determine certain basic 
epidemiological facts was recommended, then undertaken. 

By conducting a longitudinal study, it was hoped than one fact in particular 
might be difinitely determined, 7.e., whether a person possessing antibody to 
any one type of virus might be reinfected and be a virus carrier. If this did not 
occur, association with natives, excepting possibly very young children, could 
be ruled out as one of the increased hazards. 

This report is preliminary and covers results available to date on only one 
aspect of the project—the incidence and pattern of infection found during a 
four-months’ period, August through November 1953, in two samples of de- 
pendent families. 

Each sample contained approximately 100 families. These families included, 
in many instances, a female Filipino domestic servant. The two samples were 
selected to represent “old” and “new” residents. During the previous epi- 
demic, it had been noted that a disproportionately high incidence of cases had 
occurred among the relatively newly arrived, so a higher level of immunity was 
generally assumed for the older residents. All in Group 1 had been resident on 
this post during the 1952 epidemic, many for a longer period of time. All in 
Group 2 had arrived since the termination of that outbreak, and many were 


very recent arrivals. 


Methods 


Practically every family selected in each sample volunteered to participate, 
when approached, and nearly all remained faithful throughout. Visits to the 
project’s special clinic building were made every two weeks, as shown in TABLE 


* Aided by a grant from the National Foundation for Infantile Paralysis, Inc., New York, N. Y. These 
studies were carried out under the sponsorship of the Commission on Virus and Rickettsial Diseases, Armed 
Forces Epidemiological Board, and were supported in part by the Office of The Surgeon General, United 
States Department of the Air Force. : 

+ Present address: Division of Communica 
of Health, Harrisburg, Pa. 
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TABLE 1 
Cirnic APPOINTMENT SCHEDULE AND SPECIMEN COLLECTIONS 


Fortnightly visits 
Specimen ee es . 
1 2 3 | 4.41085 6 7 8 9 
Blood rar iter + +* + AL 
Throat swab......... + + | + + + + ale | ek 4. 
Rectal swabee- essen. ects + | + + ah Mer oie = — 


* Omitted for children less than 3 years of age. 


1, and blood, throat swabs, and rectal swabs were obtained at the intervals indi- 
cated. Children under three were bled only three times, 7.e., on the first, mid- 
dle, and last visit. In order to induce parents to permit regular participation 
by children, all children in the study groups 10 years of age and under were 
given gamma globulin in a dosage of 0.14 cc. per pound just after the first visit 
and, thereafter, at four-week intervals—a total of four injections. Previous 
studies, already reported,! had shown that this amount of antibody did not 
prevent infection itself at a subclinical level, and previous and current studies? 
have shown that the antibody levels produced, though occasionally detectable 
at a 1:4 serum dilution three to four weeks later, do not confuse the serological 
pattern for antibody levels, for that resulting from recent infection exceeds a 1:8 
level. Gamma globulin does not lead to detectable complement-fixing (C.F.) 
antibodies. Children not in the study received no gamma globulin. 

Tests for virus were made in trypsinized monkey-kidney tissue cultures, and 
agents isolated were identified as poliomyelitis if neutralized by one of three 
specific monkey immune typing sera. Neutralization tests were performed 
using similar tissue culture tubes, employing the serum dilution method, with 
100 TCDs5o of each type of virus. Results in the tables are presented as the 
reciprocal of the serum dilution calculated to protect 50 per cent of the inocu- 
lated tubes. 

Complement fixation was performed by a modification of the plate method 
of Fulton and Dumball,’ using antigen prepared from tissue cultures, concen- 
trated and purified by the Svedmyr, Enders, and Holloway technique. Two 
units of complement and two units of antigen were employed, and readings in 
the tables represent the reciprocal of the highest serum dilution giving a four- 
plus reaction. This is a standardized test which we have performed on more 
than SN other sera from poliomyelitis studies prior to undertaking this proj- 
CoEL 


Results 


During the entire four months of study, only one reasonably certain case of 
mild paralytic poliomyelitis occurred on the entire base—an adult—not in the 
study group. Not one person in the two samples discussed in this paper was 
even suspected on a clinical basis. 

Since testing is still incomplete, we can give no reliable infection rates at 
present. Numerous infections, however, resulting from all three recognized 
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TABLE 2 
as Famity 2-55 
Dates of specimens 
A . i 
are Virus type Comp. fix. Neutralization eae 
Type 
8-4 | 9-1 |9-29]10-27} 11-24 | 8-4 9-1 9-29 | 10-27 | 11-24 
40 1 OOO Ol @ 32; — | — | — 32 
M 2 OW 4510 4 0 
3 4/818 8 + <a 4 <A A <a 
33 1 4}/—/;0]—] 0 16} — — — 16 
F 2 4;/—/}4] — + 32 | — — | — 32 
3 4;—/4]— + 16; — 16 16 8 
5 1 0;—1]0 0 0 <4} — — — 2 
F 2 0: | — | 0 0 0 <4) — — — 2 
3 0/—1]0 4 4 <4) — | <4 64 | 256 
4 i] OF OREO 8 4 <4) — —_ = — 11-10 
F 7 OF SO ORG 8 4 3 
3 On cO Omer isd. <4 | <4 | <4 | 256 | 512 
1 1 0 0 0 <4 — <4 
aoe 2 0 0 0 <4 — <4 
3 0 0 8 <4 <4 512 
21 1 0 | — | 0 0 >4 | — — = = 
: Fer 0 0}/—| 0 | >4 
Maid 3 0 0 0) 128; — 64 | — | 128 


virus types, with type 3 predominating, have been demonstrated by laboratory 
methods. Most tests have been of a serological nature, but several type 3 
viruses have been isolated from rectal swabs. Since a very large number of 
other untypable agents was isolated, all isolation attempts were stopped over 
six months ago, until a method could be developed to identify and suppress 
these other agents which, we feared, might interfere with the main aims of the 
study. 

Examples of what has been found in representative families will be presented 
in a series of tables, each containing the results of tests completed to date on all 
members of one family, including the native domestic, if she had been persuaded 
to participate. 

In TABLE 2 is presented family 2-55, of Group 2 (newly arrived). Father 
and mother are presumed to be immune to type 1 virus because of their neu- 
tralizing antibodies (1:32 and 1:16, respectively) and the mother to types 2 
and 3 also. They show no changes in titer for any virus for which tests were 
performed by either type test, so we assume they were not infected when the 
three children were. The low titer of type 3 C.F. antibodies shown by the 
father is unexplained but, as we shall point out again later, it is due, possibly, 
to another agent with a common antigen. The three children, ages five, four, 
and one, show serological responses to type 3 virus by both types of serological 
tests. Lack of an October 27 specimen on the youngest makes it impossible to 
determine the time-sequence relationship of this one. Type 3 virus was iso- 
lated from the rectal swab of November 10th of the four-year-old. The Fili- 
pino domestic, age 21, had neutralizing antibodies to all 3 virus types, as did all 
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TABLE 3 
Famity 2-25 


: Dates of specimens 
a = 5 a = . Date virus 
ae Virus type Comp. fix. fh ae 186 
8-3 | 8-31 |9-28] 10-26] 11-23 | 8-3 8-31 | 9-28 10-26 | 11-23 
jim Fete har cake des OM: 128) tee to ese 
M 2 | O 0 0 <16; — — — | <16 
) 0;—}0!— 4 <4) — <4 64 256 
28 1 1 Oo} 0 | — Oo | = <8 
F 2 0 | 0 64, — 128 
3 ;o0;/—|0 0 <4; — <4) — <4 
3 1 0|—)0 4 128) — — — 256 10-26 
M 2 0 0} — 4 | <4 — — = <4 3 
3 0); —}0) — 4 | <4| <4 | <4 | 128 256 
1 1 0 0 0 <4 esa os 
M 2 0 0 0 2 oo pie 
3 0 0 8 <4 <4 128 


other domestics tested, and had no titer changes for type 3 virus by neutraliza- 
tion or C.F. tests. In this family group, then, two apparently immune and one 
nonimmune adults were spared infection, though three children acquired infec- 
tion at least one month before the study closed. 

In TABLE 3, family 2-25, also Group 2, is seen to have three type 3 infections 
involving a nonimmune father and two susceptible children. Type 3 virus was 
isolated from the swab collected on October 26 from the 3-year-old. Other 
specimens must be tested to obtain more accurate time sequence. The mother, 
though with no detectable type 3 neutralizing antibody, strange as it may seem, 
was spared. She was near term when potentially exposed and gave birth in the 
hospital to a healthy baby on November 7th. 

In TABLE 4 is presented family 2-111, also a newly arrived group. Two 
children had type 3 infections, both parents were without type 3 antibodies, but 
failed to become infected, and the domestic, an immune, showed no C.F. anti- 
body responses. 

The next family selected, 2-186 (Group 2), TABLE 5, has mother, father, 
and both children originally without detectable antibodies to type 3 virus, then 
infected with type 3 virus. Virus isolations confirm the serology on the two 
children (adults not tested). Only the Filipino girl, age 23, shows no evidence 
of infection, current or recent. 

TABLE 6 presents data on family 1-211 of Group 1 (older residents) consisting 
of father, mother, and a 22-months-old child. We interpret these results to 
indicate infection of all with type 3 virus, at about the same time, although 
further tests on the November 4 specimens of blood and attempts to isolate 
virus may fix this more accurately. The father appears to have had no previ- 
ous antibody to types 2 and 3 (type 1 not yet tested) and shows no evidence of 
any recent infection, since he had no C.F. antibodies. In fact, apparently he 
had not responded yet with C.F. antibodies to type 3 when bled last, but neu- 
tralizing antibodies had just begun to rise slightly. His wife, however, ap- 
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TABLE 4 
Famiry 2-111 


Dates of specimens 
A 3 : 
Bex Virus type Comp. fix. Neutralization Bete 
Type 
8-5 | 9-2 |9-30/10-28 | 11-25 | 8-5 9-2 | 9-30 |10-28| 11-25 
31 1 Ogu Orble O32 eee th oka et 
M D Ow a Oa See hey IS a a Hes ee a 
3 O}—/0;—}] 0 | <4|—] <4|—| <4 
29 1 Cs Oh Ve Oe Glee Sek ca) G4 
F 2 ONS 0} Seo 10198 We | 2] 128 
3 OF ChOr as homed yt Leah Rede) ay 
5 1 0) | — | 0) 0 0 <4 
F 2 0O;/—{4)] 4 0 <4 == 
3 OF ara § 8 <4 <4 | 32 256 
3 1 On =| 0: 1-0 0 <4} —|] — | — 8 
F 2 OF) One 0 0 <4/}/—)|] — | — 4 
3 Oo) = Oe 8 LE 4 | — | 15384 
20. 1 0;—!0; — 0 >4 
F 2 On) ==s\-0 0) 4a) aE ro 
Maid 3 OF On en) >4 
TABLE 5 
FAmiLy 2-186 
Dates of specimens 
- ——= Date 
eee ee Comp. fix. Neutralization weer 
= Type 
8-10] 9-7 {10-5} 11-2 /11-30 | 8-10 9-7 10-5 11-2 11-30 
Di 1 4); 4/4] 16 8 
M 2 AN VAS Gi 2 — 
3 OFF ORO 8 8} <4] <4| <4 512 512 
26 1 OF 05-0 8 8 - 
F 2 On Os O 4 4 
3 0; 0 | 0} 32 | 32} <4) <4) <4} >1024 | 1024 
4 1 0 OL Osi Oa) eb | —_— <4 10-5 
18 2 0 0 4; 0; <4] — — — <4 3 
3 0 0 8| 16| <4} <4 8 256 | 2506 
20 mo 1 0 0) 0| <4 — 4 11-2 
M 2 0 *0 0| <4 _ <4 3 
3 0) 0 8| <4 4 1024 
Ds 1 Oo;/—/|]0!1—|]} 0| >4 
F 2 0o;—/|;0}—j| O|} >4 = 
Maid 3) 0o}/—|]0|;—)] 0O| >4 


parently had had a quite recent type 2 infection, with her neutralizing anti- 
bodies at a very high level and C.F. antibodies just beginning to fall. She 
probably had had a previous type 1 infection since the C.F’. response of her last 
infection (type 2), also involved type 1. This applies also for type 3, here 
attested by a 1:64 level of neutralizing antibodies in her first specimen and 1:32 
in that of October 5. Between her last two specimens, however, her C.I. anti- 
bodies rose from 1:8 to 1:32, and her neutralizing antibodies appear to have 
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TABLE 6 
Famiry 1-211 
Dates of specimens 
Date 
A Vi chess virus 
Sex pe Comp. fix. Neutralization mole 
8-10 | 9-7 | 10-5 | 11-4 ]11-30 8-10 9-7 10-5 11-4 11-30 
Pgs 1 0} = oO; — 0 —_ — 
M 2 o;—; 0;—7 0 <4 | — <4 | — <4 
3 (Op | 0 0 <4 | — <4 | — 16 
23 1 16 | 16 8 | 16 8 — — — — _ 
F J 64 | 32 | 32 | 32 | 16 | >1024 | — | >1024 | — | >1024 
3 16 | 16 8 8 | 32 64 | — 32) == 128 
22 mo 1 0 0 0 <4 <4 <4 
M 2 0 + 8 <4 8 <4 
sei 8 8 32 <4 <4 512 


been rising, as evidenced by a 1:128 titer in the last one. These rises in both 
types of antibody we interpret as suggestive evidence in support of reinfection. 
At the same time as these changes occurred in the sera of husband and wife, 
those of the child showed a neutralizing antibody rise from <1:4 to 1:512, and 
showed also a C.F. antibody rise. We have no explanation for his previous 
low titer of C.F. antibodies to type 3 except to suggest that it remained from a 
previous infection with an agent having a common antigen with type 3 virus, 
the existence of which we strongly suspect in this area from our experience with 
many other sera. 

Next, in TABLE 7, a few individuals are presented which represent interesting 
situations. A 21-year-old mother (1-107), an older resident, exposed to a one- 
year-old with type 2 involvement, has evidence of previous type 2 infection 
with neutralizing antibody in her first specimen at a level of 1:16. She subse- 
quently developed C.F. antibodies to type 2, and shows a modest rise in neu- 


TABLE 7 
Clinic visits 
. - E hs 
No, Age ae Comp. fix. Neutralization virus 
‘ ype 
1 3 5 : 7 9 1 3 5 7 9 
1-107 21 1 0} — 0 | — 0 — — =e a >4 2 ; 
F 2 0; — 4|—| 16 16 | — | 128; — 64 
3 0; — 0;};— 0 <16 | — —- — <16 
1-286 7 1 0 | — 0; — | 16 128 | — | 128 | 612 | >1024 1 
F 2 0; — 0 | — 4 <4) — 8 8 256 
3 0} — 0} — 0 — — — == <8 
1-259 4 1 0 0 0 0 4 — — — — — 3 
M 0 0 0 0 8 — — — a= aS 
0 4 4 | 64 | 16 DISD SD 198: 32 
2-64 3 1 0 | 64 | 32 | 32 | 32 <4] — — — 256 1 
F 2 8 | 64 | 64 | 32 | 32 | >256| — = = >256 
3 0 4 4 4 0 <16} — — 7 <16 
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tralizing antibodies from her original level. A better example is offered by 
1-286, a 7-year-old with type 1 neutralizing antibody, exposed to a sibling with 
type 1 virus. Asa result, C.F. antibody rose, and her previous level of 1:128 
neutralizing antibody rose to 1:512, then to > 1:1024. Although we interpret 
these and others of a similar nature to suggest reinfection strongly, virus iso- 
lation will furnish the most important proof, and tests for virus have not been 
made. 

A four-year-old (1-259) in the family with another type 3 infection shows a 
rather rapid rise and fall in neutralizing antibodies, an exception to the usual 
finding. Next, a type 1 infection in a three-year-old (2-64) is interesting from 
the standpoint of infection occurring in a person previously immune to a recent 
type 2 infection, with residual C.F. antibodies (1:8) presumably from that in- 
fection. The C.F. response to the new infection gave essentially an equal 
response to both types of virus. Time does not permit further presentation of 
the great variety of response patterns shown. 

In order to measure the influence of the 1952 epidemic and other previous 
experience in the Philippines on persons with longer residence, their serologic 
evidence of immunity, by age groups, has been compared with that of the newly 
arrived Group 2. Because of the special selection of the adult sera tested so 
far, they are omitted from consideration, but we have every reason to believe 
that sera from the children under 10 years of age represent a random sample 
from each group. 

In FicurE 1, presented graphically by the front row of columns, are the per- 
centages in each group found to have antibodies to each type of virus at the 
beginning of the study. These are actually age-specific antibody rates per 100. 
The total number tested in each age group is shown by the figure on the top of 
the column. It will be noted that a peculiar pattern is shown in Group 1 for 


Number of Persons 
ny Group | (ld) 


YD Group 2 (New) 


3-4 5-9 1-2 
TYPE | TYPE 2 
FicurE 1. Percentage of children with antibody by type, age, and group. 
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type 1 virus antibodies. All ages have attained approximately equal rates of 
infection. From this and other even more convincing evidence, we conclude 
that type 1 virus was the epidemic strain of 1952. Many one-year-old children 
have type 1 antibody and this type only, including one with residual paralysis 
from the 1952 epidemic. It appears that 60 to 65 per cent of the youngest chil- 
dren underwent type 1 infection during the epidemic. It is equally apparent, 
however, that children three through nine years of age newly arrived from the 
United States (Group 2, 3-to-4, and 5-to-9 year columns) have type 1 antibody 
rates equal with those of persons of longer residence. For type 2 antibody, the 
newly arrived of each age show higher antibody rates than those of Group 1, 
and the differences are in the same direction for type 3, although of lower magni- 
tude. 

When one looks for the changes in immune status which occurred during the 
four months of the study, as indicated by the difference in the heights of the 
columns in the front and back rows, it is noted that few in Group 1 became in- 
fected with type 1 virus, while more activity was observed in the newcomers, 
even in the 5-to-9-year age group, in which the percentage of immunes was equal 
to that of Group 1 at the beginning. The same trend is seen for type 2 virus in 
the two older age groups of the newly arrived (Group 2), although proportion- 
ately more immune than those with longer residence (Group 1). For type 3 
virus there is more evidence of infection occurring in both groups at all ages, 
confirming the family and individual observations shown earlier of more fre- 
quent type 3 infection. Again, however, the more immune group (newcom- 
ers) at each age showed the higher current infection rates. It appears reason- 
able to suggest, on the basis of these two observations on newcomers—the 
higher clinical attack rates of 1952 and the higher laboratory demonstrated 
rates of inapparent infection of 1953—that newcomers are the more likely to 
become infected, but the reason does not appear to be that which has previously 
been offered, to the effect that newcomers are less immune. The new popu- 
lation actually contained a higher proportion of immunes by age than the older 
residents to two types of virus and even to type 1 virus in one age group. 

Complement fixation tests have been completed on essentially all persons in 
the two groups, so results on adults can be examined without fear of bias in 
selection. Limited time prevents presentation of details, but results on chil- 
dren’s sera tend to support those observed from neutralization tests, indicating 
that newly arrived persons were more heavily exposed to infection during their 
early months of living on the post. 

Adult figures by complement fixation show one thing not observed in avail- 
able neutralization tests, the latter data probably reflecting total life experience. 
Complement fixation for all three virus types shows that the wives in Group 1 
(longer residence) had been more frequently infected inthe relatively short 
period of time during which C.F. antibodies persist than had their husbands. 
For example, only 17 per cent of 88 husbands and 37 per cent of 89 wives had 
elevated C.F. antibodies to type 1 virus and differences of the same nature for 
the other two types. This large difference occurs despite the fact that practi- 
cally every husband had resided on the base several months and frequently a 
year longer than had his wife. This same difference in adult exposure is not 
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apparent among those only recently arrived. Evidence, therefore, of all sero- 
logical tests fails to support the pre-existing epidemiological concept of the 
Philippines as a hotbed of poliomyelitis infection 12 months out of the year to 
all virus types, leading to higher infection rates than normally acquired at home 
and leading to an increased percentage of immunes. It points, instead, to 
modest infection and immunization rates affecting principally the newly ar- 
rived. 

The longitudinal-prospective type of study reported here, yielding a long 
series of specimens on normal persons, has impressed us with several great 
advantages. After having previously performed similar serological and virus 
isolation tests on serial specimens from several hundred cases of poliomyelitis 
and their sibling contacts,’ with the first serum always collected after recogni- 
tion of the disease in the first member of the family, we find that the current 
series, beginning with specimens collected prior to infection, are particularly 
enlightening and help to clarify the immunology of infection and the interpre- 
tation of serological tests. It also permits one to select with some certainty 
those with and without infection prior to the current, recognized exposure, and 
has given suggestive evidence in support of reinfection. This finding we pre- 
dicted a number of years ago on epidemiological evidence alone,’ and the added 
evidence is quite welcome. To date, however, we have found no evidence of 
any Filipino sharing in a household infection or with serological evidence of an 
infection preceding that of other members in the family, and thus a probable 
contact source. Such negative evidence, in view of the fact that Filipino 
women usually serve as nursemaids for the American children and are in inti- 
mate contact, suggests that they may have a more solid degree of immunity 
than most of the American parents. This, in turn, we presume to be due to 
more frequent or repeated infections. In any case, we have no evidence yet to 
incriminate young adult Filipino domestics as carriers in a situation where they 
have been strongly suspect heretofore. Very few, however, have been tested 
for actual virus excretion as yet, and we may be assuming too much from the 
absence of serological changes. 

One concept has been adequately confirmed by these studies—that polio- 
myelitis viruses of all three types may be prevalent and may produce numerous 
infections in a community without producing clinically recognized disease. In 
other words, in nature there are relatively nonpathogenic strains of virus carry- 
ing on an effective, harmless, immunizing process. A number of these strains 
have been isolated from our material and are available for study. It 1s interest- 
ing to speculate on whether such strains are more prevalent in countries where 
natives have fewer epidemics, less paralytic disease, and where a much higher 
proportion of their population is highly immune, through what we now may 
presume with more certainty to involve frequent reinfection. If passage 
through immunes has led to selection of such strains, we might then speculate 
further that ‘epidemic strains,” such as the type 1 strain of 1952, might have 
been imported, perhaps from the United States, where many opportunities 
occur for passage of strains from susceptible to susceptible in series. F urther- 
more, friendships made among families on the ship en route to the Philippines 
might be assumed to be cultivated and nurtured intensely aiter arrival on the 


988 Annals New York Academy of Sciences 


base. The new segment of the population, together with the waiting husbands, 
continues its intimate contacts and behaves, for a while, quite differently from 
the rest of the population on the base. This involves group exploration and 
investigation of everything new and different in the strange environment. 
There is some support from observation for these latter assumptions on social 
patterns. Thus, a strain of virus imported by such a group, or acquired by one 
of its members soon after arrival, might demonstrate its activity excessively in 
this as-yet-unassimilated segment of the population. 

A preliminary report of this kind on one small part of a study can hardly be 
expected to furnish all the answers, but certain patterns have been suggested 
of what we may anticipate will represent an exceedingly complicated and con- 
stantly changing biologic complex. Certainly, no retrospective epidemiologic 
study could hope to reveal the pattern, and we can expect only limited progress 
from a prospective study of but four months’ duration and with only 30,000 
specimens to be tested. 
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VIRUS EXCRETION AND ANTIBODY RESPONSE IN CLINICAL AND 
SUBCLINICAL CASES OF POLIOMYELITIS* 


By Gordon C. Brown 
School of Public Health, Ann Arbor, Mich. 


Previous to the advent of tissue culture techniques for the isolation and 
identification of the poliomyelitis viruses, information concerning the preva- 
lence of the agent in clinical and subclinical cases depended upon the demon- 
stration of the disease in inoculated monkeys. Although considerable data 
were accumulated," their extent was strictly limited by the burdens of such 
techniques. Furthermore, serological studies, except for those involving the 
mouse adapted strains of type 2 virus, were almost precluded because of the 
tremendous numbers of animals involved.!”2> Since the tissue culture test 
tube has now replaced the monkey as a method for growing the virus,?*-* 
almost unlimited horizons have been presented to the epidemiologist, with the 
result that, today, it is possible to acquire data of truly significant scope for 
the first time. It is the purpose of this paper to report some results obtained in 
this manner. 

Clinical and subclinical cases, 1953. During 1953, a relatively small number 
of clinically diagnosed cases in Michigan were studied for the presence of virus 
in stationary tube cultures of Hela cells.** Ten of 29 cases were classified as 
paralytic, and virus was recovered from seven of eight available fecal specimens 
(TABLE 1). In contrast, the agent was isolated from only 8 of 18 specimens 
obtained from nonparalytic cases. Quantitative studies were made by direct 
titration of the stool specimens in tissue cultures where the titers ranged from 
10-' to 10-*._ The average titer of virus from paralytic cases was found to be 
10-28, while that from the nonparalytics was 10-7. The immunological type 
of each virus was determined by neutralization test technique with specific 
hyperimmune sera of monkeys and, except for one type 3, all viruses were found 
to belong to type 1. 

Stool specimens from 134 familial associates of these diagnosed cases were 
tested for virus. In families with index cases, confirmed as poliomyelitis by 
recovery of virus, 29 of 70 (41 per cent) associates were found to be subclinically 
infected. In contrast, virus was recovered from only 4 of 64 (6 per cent) of the 
associates of cases who were negative for virus. In all of these, the immuno- 
logical type of the virus was identical with that of the index case. The average 
titers of virus in stools were 10-?-? and 10-°-!, respectively, for the two groups, 
with a range from 10 to 10-*. Two additional collections of specimens at 
weekly intervals demonstrated persistence of virus in essentially the same titer 
during this period of infectivity. These results are of particular interest, since 
the individuals had received a doubled dose of gamma globulin prior to the 
study and show that neither the quantity nor the persistence of virus was 
affected by passively administered antibodies. In an attempt to reveal the 
esistence of chronic subclinical infections, however, 22 of the individuals known 


* These studies were aided by a grant from the National Foundation for Infantile Paralysis, Inc., New York, 
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TABLE 1 


IsoLATION OF VrrUS FROM INDEX CASES 


Diagnosis Pos. Neg. No spec. 
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ISOLATION OF VIRUS FROM FAMILIAL ASSOCIATES 


Collection 
Index case | =e 


1 


i) 


| 3 
Neg. (LU) ee ntact ee Ae rh aie reraiee 4/64 
POSS CTS) ater. me eee tier Polene Pe, rate i 29/70 


| 

| 3 
| 1/62 2/61 
| 27/71 27/70 


to excrete virus previously were tested six months later, and all were found to 
be negative. 

Pharyngeal virus was isolated from 6 of 25 individuals with demonstrable 
fecal infection. In all cases, the immunological types of virus in stool and 
pharynx were identical. No virus was isolated from the throat swabs of 28 
associates who had no poliomyelitis virus in their stools. 

The initial sera from 23 associates with subclinical infection were tested for 
viremia. No viruses were isolated. No special techniques, however, such as 
ultracentrifugation or repeated passages, were employed. 

The serological status of the familial associates of diagnosed cases was deter- 
mined by virus neutralization tests in cultures of Hela cells.** The initial speci- 
men of blood had been obtained within three days of onset of the index case in 
the family. TaBLe 2 shows that 12 of 23 subclinically infected persons (52 per 
cent) were found to have at least low-level antibodies to the homologous type of 
virus with which they were infected. Only 8 of them (34 per cent) had anti- 
body titers of 1/64 or better, and 11, or 48 per cent, had no detectable antibodies 
atall. In contrast to these figures, only 5, or 12 per cent, of 32 uninfected as- 
sociates were devoid of antibodies, while 27 (84 per cent) had titers of 1/4, and 
24 (75 per cent) of the sera neutralized 100 tissue culture doses of virus in dilu- 
tions of 1/64 or higher. These findings are in accord with previous observations, 
which have suggested that virus is less likely to become established in persons 
with type-specific antibodies.” A marked rise in homologous antibody titer 
was observed in 65 per cent of the second blood specimens collected six weeks 
later from subclinically infected individuals. It must be pointed out that 
these individuals had all received, following the first bleeding, a double dose of 
gamma globulin which did not interfere with this rise in type-specific antibodies. 
The average increment among the 15 persons showing a rise was 55-fold. In 
contrast to these results, only 2 of 12 uninfected persons showed an increase in 
antibodies over the same period, and the average rise was only fourfold. 

Clinical cases, 1954. During 1954, 137 clinically diagnosed cases from 
Michigan were tested in HeLa cell cultures for the presence of virus. In con- 
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TABLE 2 
SEROLOGICAL Status Amonc FamriraL Assocrates oF Casrs OF POLIOMYELITIS 


a 


Infected (23) Uninfected (32) 
Antibody level of initial sera 1/4 12 | (52%) 27 (84%) 
s 1/64 8 (34%) 24 (75%) 
No antibodies _ 11 | (48%) i ee 
Increase in titer increment | | 15/23 | (65%) 2/12 (16%) 
| oh | 4 


TABLE 3 


TissuE CuLtture ISOLATION or Vrrus FROM CLINICAL Cases or POLIOMYELITIS 
IN Micwican, 1954 


Tested in 
Hela cells Kidney cells Total positive 
ates rae oe 
|) re 25 35 17 10 a2 | 70% 
i li 66 1 42 22 | 28% 
voy: GE ee 36 101 290) 50 64 | 46% 


trast to the previous work, for which all tissue cultures were propagated in our 
laboratory, the culture tubes were obtained from the Tuskegee Institute in 
Alabama where, presumably, the same line of cells and the same techniques 
were used. TABLE 3 shows that poliomyelitis virus was isolated from the stool 
specimens of 25 of 60 paralytic cases (41 per cent) and from 11 of 77 nonpara- 
lytics (14 per cent). Although many of these specimens were not collected as 
promptly, following onset, as in previous studies, the percentage of isolations 
was still conspicuously low. Consequently, 52 of the specimens which were 
negative in HeLa cell cultures were tested in cultures of monkey kidney tissue.* 
A total of 28 additional viruses have been isolated in this manner, 17 from para- 
lytic cases and 11 from nonparalytics with a higher percentage of success from 
the former. The total percentages of isolations thus became 70 from paralytics 
and 28 from nonparalytics, a much closer agreement with previous work. 
Unfortunately, the conclusion must be reached that Tuskegee type HeLa cells, 
as used in these tests, are far less satisfactory than are monkey kidney cultures 
for the primary isolation of poliomyelitis virus from fecal specimens. 

The distribution of the immunological types of the 64 viruses is presented in 
TABLE 4 and shows an entirely different division than in the previous year. 
The marked increase in the prevalence of type 3 virus is particularly significant. 
Except for certain local areas during 1950, this virus has not been demonstrated 
as being significantly involved as a cause of the clinical disease in this country.*® 
It is of interest that an epidemic on Saint Paul Island, Alaska, which occurred 
in January and February of 1954 and is under study in our laboratory, also 


appears to be due to this type of virus. 
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TABLE 4 
Iuwuno.ocicaL Types OF POLIOMYELITIS VIRUS FROM CASES IN MICHIGAN, 


— — ——s 


1 2 3 
Paralyticwn sees wore iit rt 23 2 As 
Nonparalytic.tao..eqseee ee oa ee 10 
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TABLE 5 


SEROLOGICAL Status AMONG CAsES OF POLIOMYELITIS, MICHIGAN, 1954 


Virus not isolated (47) 
Initial sera Virus isolated (44) 


1 2 3 


38 
19 
6 


86% | 25 (53%) | 2iedaeee 


43% 11 (23%) 7 


Homologous antibody level 1/4 2 
13% 22 (46%) 26 25 


1/64 


No antibodies 


The serological status of the cases is presented in TABLE 5. The initial speci- 
men of blood was not always collected as promptly as in the 1953 study, and 
this considerable interval of time may explain the higher percentage of individ- 
uals having circulating antibodies at the time of the first bleeding. Thirty- 
eight of 44 infected persons (86 per cent) had an homologous antibody titer of 
at least 1/4, and half of these could be diluted to 1/64 and still neutralize the 
virus. Only six infected persons had no demonstrable titer at the time of the 
first collection. Many of these people had no antibodies to the other two types 
of virus, however, suggesting that their previous natural experience with the 
agents had not been widespread. In contrast, approximately half the indi- 
viduals from whom no virus could be isolated had antibodies to all three types 
in their initial sera. Fewer of these sera, however, could be diluted as high as 
1/64 and still neutralize the three types of virus. 

The second specimens of blood, obtained approximately one month after the 
first, showed a rise of type-specific antibodies in 63 per cent of the individuals 
from whom virus was isolated (TABLE 6). A greater percentage of paralytic 
cases developed antibodies than did the nonparalytics, and the increments in 
antibody titer were sixfold and fourfold for the two groups, respectively. This 
increment was considerably less than that found in the subclinically infected 
individuals, and can probably be explained by the fact that more of these per- 
sons already had antibodies by the time of the first bleeding. This finding is 
similar to that of Miller and Wenner,'* who described high neutralizing antibody 
titers in clinical cases as early as two days after the first symptom with very 
little subsequent change. A smaller number of the persons from whom no 
virus could be isolated were shown to have developed antibodies during this 
period. Most of these increases were in type 1 antibodies, and this serological 
evidence of infection should confirm the clinical diagnosis even though the agent 
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TABLE 6 


INCREMENT IN ANTIBODY TiteR AMONG CLINICAL CASES OF POLIOMYELITIS, 
Micutcan, 1954 


7 Virus not isolated 
Virus isolated 
homologous 


1 th 3 


| me 
| | 
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TABLE 7 


MrxEp ImmMuNoLocicaL Types 1N INFECTED Famities, Micuican, 1954 
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itself could not be detected. A serious question should.be raised, however, con- 
cerning the diagnosis of nonparalytic poliomyelitis in those cases where neither 
virological nor serological evidence of this infection could be demonstrated. 

Although only a few of the many familial associates of the cases have been 
tested to date, specimens have been collected from 399 individuals in 93 families, 
and virus has been isolated from 70. Thirty-seven of these belonged to type 1, 
two were type 2, and 31 were type 3, Showing a distribution almost identical 
with that of the diagnosed cases. In general, the type of virus isolated from 
associates has agreed with that obtained from the case. Four interesting ex- 
ceptions, however, have been observed (TABLE 7). 

In the first family, the virus from the case belonged to type 1, as did that of 
one of her brothers. Two other siblings, however, were clearly type 3 subclini- 
cal poliomyelitis. Three other families in which the cases were type 1 had 
associates with subclinical infections caused by type 3 virus. The entire typing 
procedure has been repeated with identical results starting from the original 
stool specimens of all four cases and of all the associates in the first three fami- 
lies. Serological studies have not been completed, but results to date suggest 
that some members of the families respond with antibodies to both types of 
virus. These situations present a very interesting epidemiological oddity and 
prove that it is possible for at least two immunologically different viruses to 
infect individuals of the same family at the same time. In addition, the fact 
that the clinical disease in all four families was caused by type 1 virus, while 
the subclinical infections were due to type 3, may have significance. In spite 
of the observed increase in type 3 virus as a causative agent of the clinical dis- 
ease, it appears to have less pathogenesis than does type 1. Type 2 virus has 
been considered for years in a similar position with its prevaience demonstrated 
by antibody surveys, yet rarely incriminated as causing the clinical disease. 
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Summary 


The results of virus isolations from clinical and subclinical cases of poliomye- 
litis occurring in Michigan during 1953 and 1954 are reported. The agent was 
isolated from a greater percentage of paralytic cases than from nonparalytics, 
but no significant difference in virus titer was observed. _The distribution of 
immunological types of virus showed a marked increase in the prevalence of 
type 3 during 1954. The serological patterns for both paralytic and nonpara- 
lytic cases are presented, and they show that an increase in homologous anti- 
bodies occurs only about 65 per cent of the time. Many of the paralytic cases, 
however, had high antibody titers at the time of the first bleeding. Four 
families were found to have mixed infections with two different immunological 
types of virus. The significance of the findings is discussed. 
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Discussion of the Paper 


Docror Joun O’H. Tosin (Department of Bacteriology, University of M inne- 


sola, Minneapolis, Minn.): Many of Doctor Gordon Brown’s results ery 
similar to findings of our group in Minnesota in 1953 and 1954. In°1953* the 
percentage virus isolation was 78 per cent from paralytic patients and 42 per 
cent from nonparalytic. In the latter group. isolations were more frequent in 
patients under 10 years than in those over this age. That year, the poliomye- 
litis epidemic was predominantly type 1, 385 of the 394 strains isolated being 
of this type. In 1954, however, the three different types were more evenly 


27: 


* Tobin, J. O’H., K. T. Brunner, P. M. Ellwood & J. T. Syverton. 1954. Proc, Cen. Soc. Clin. Research, 
127; 1954. J. Lab. Clin. Med. 44: 941-942. 
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TABLE 1 


SUMMARY OF THE RESULTS OF EMPLOYING CuLtTuRES OF HuMAN EPITHELIAL 
Cetts (HELA) FOR THE ISOLATION AND IMMUNOLOGIC 
CLASSIFICATION OF POLIOMYELITIS VIRUS 


Distribution of Immunologic Types Among First 810 Isolates 


| Immunologic type 
Specimen from Total by year 

Mbst T2 T3 

1946 7 7 0 10) 

1948 59 59 0 0 

1949 20 9 11 0 

1950 54 21 1 32 

1951 15 12 2 1 

1952 85 77 0 8 

1953 394 385 1 8 

1954 176 52 43 81 

Total ayee oe Ge ere Fe oA Oe 810 622 48 130 
Percéntal numbers eee. eo ee 77 ff 16 


distributed: of 182 isolations, 53 were type 1, 43, type 2, and 86, type 3. The 
percentage of isolations from paralytic and nonparalytic cases has so far been 
somewhat lower, 67 per cent and 30 per cent respectively. HeLa cells prepared 
in our laboratory and from Tuskegee were used for the 1954 isolations. No 
difference was noted in the sensitivity of cells from either source to the polio- 
myelitis viruses. 

Antibody levels to the three virus types have so far been completed only for 
1953. The range in antibody titer to type 1 virus was similar for paralytic 
and nonparalytic patients from whom type 1 virus was isolated. In contrast 
to these findings, the mean titer was lower for those nonparalytic cases from 
whom virus was not isolated. Indeed, six had no antibody to any of the three 
virus types, and nine had none to type 1. The range of titers to the other 
types in these groups and in normal students was the same.* The composite 
results of both virus isolations and serolozical studies in 1953 would indicate 
that even during a severe epidemic a large proportion of cases diagnosed as 
nonparalytic poliomyelitis are not due to infection with viruses in the polio- 
myelitis group. 

The patients excreting virus on whom antibody studies were done all had 
antibody to the infecting type in their sera, on admission to hospital, and 
showed only a fourfold average increase in titer. 

We have investigated only a few contacts of cases but, of 20 family members 
of 6 paralytic cases, 14 yielded virus of the type infecting the patient. Virus 
titration in stools of contacts was done in only one family, the virus titers being 
of the same order as the patient’s. In 56 cases of poliomyelitis, the median 
titer of virus in the stools was 10’ TC IDs particles per gram of stool. 

Doctor J. T. SYVERTON (Department of Bacteriology, Universily of Minne- 
sola): These remarks concern the discussion by Doctor Melnick and the paper 


by Doctor Brown. My comments are presented in extension of the discussion 
by Doctor Tobin. I refer you to TABLE 1. 


* Tobin, J. O'H., K. T. Brunner, P. M. Ellwood & J. T. Syverton. 1954. Bull. Univ. Minn. Hosp. 26: 234. 
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The practicability of employing the HeLa strain of cell for the rapid labo- 
ratory diagnosis of acute poliomyelitis and for the specific allocation of field 
strains by immunologic type has been established in our laboratory. A total 
of 810 strains of poliomyelitis virus were isolated from 810 patients from Min- 
nesota and neighboring states who were admitted from 1946 to 1954 with a 
clinical diagnosis of poliomyelitis to hospitals in Minneapolis. These viruses 
are now in storage. The specimens utilized for study consisted of feces, throat 
washings, and brain or cord tissue. Viruses were isolated in from 1 to 6 days, 
commonly in less than 48 hours. Isolation and typing can be accomplished 
as a single step. 

It can be seen from TABLE 1 that the specimens were representative of polio- 
myelitis in the North Central states for 1946, 1948, 1949, 1950, 1951, 1952, 
1953, and 1954. The percental distribution for 810 strains by immunologic 
type were: type 1, 77 per cent; type 2, 7 per cent; type 3, 16 per cent. 

Two points are worthy of emphasis: (1) the percental distribution by im- 
munologic type for these 810 strains is essentially the same as that found for 
the 196 strains collected from all parts of the world and typed by the Committee 
on Typing of the National Foundation for Infantile Paralysis, Inc., New York, 
N. Y; (2) the results are from a composite study covering a nine-year period 
in a single geographic area limited to the North Central states. These findings 
provide reason for caution in the interpretation of data for any limited area 
and for any limited period of time. ‘The range in data in this table provide 
evidence that the results for any single year, or for several years, should not be 
accepted as representative of the occurrence of poliomyelitis by virus type. 
For example, the results of 176 isolates for 1954 show a type distribution totally 
different from that found during any of the preceding eight years. It is im- 
portant that large numbers of cases be studied in consecutive years to provide 
authoritative information. 


RELATION OF POLIOMYELITIS VIRUS TYPES TO CLINICAL 
DISEASE AND GEOGRAPHIC DISTRIBUTION: 
A PRELIMINARY REPORT 


By Alexis Shelokov, Karl Habel, and Donald W. McKinstry 


Laboratory of Infectious Diseases, National Microbiological Institute, National 
Institutes of Health, Bethesda, Md. 


During the poliomyelitis season of 1952, stool specimens were collected in 
22 hospitals in this country and Canada, including areas of high, intermediate, 
and low attack rates. In each area, 10 to 20 poliomyelitis patients contributed 
specimens in the first two weeks of their disease. The only area in which 
large scale sampling was carried out was Washington, D. C., where approxi- 
mately one half of all the poliomyelitis patients were included. The stools 
were tested in tissue culture by a modification of the techniques described by 
Enders, Weller, and Robbins,' using suspended monkey kidney fragments in 
flasks, subsequently transferred to monkey testicular tissue in roller tubes for 
identification and typing. In the latter part of the study, the Youngner tech- 
nique? of trypsinized kidney monolayer culture was used for both primary iso- 
lation and typing. Negative specimens were retested by both methods. We 
were thus able to isolate 359 cytopathogenic agents from 423 patients, 7.e., an 
over-all isolation rate of 85 per cent. The rate of positive isolations from par- 
alytic patients, however, was 92.5 per cent. Specific clinical information was 
obtained on the patients in order to confirm the clinical diagnosis. 

The 1952 poliomyelitis season was characterized by an unusually large num- 
ber of reported cases throughout this country and Canada. The reported 
incidence rates in the United States by county are shown in FIGURE 1.2 A 
massive block of counties with consistently high incidence rates of over (0 
cases per 100,000 population covers the North Central states, approximately 
extending from the Great Lakes into the Great Plains area between the Rocky 
Mountains and the Mississippi River. The South Central and the Western 
states had a scattered occurrence of high rate foci, but the East generally expe- 
rienced considerably lower attack rates during that year. 

In considering the geographic distribution of poliomyelitis virus types in 
1952, we have available information on 800 typed isolations from 32 areas. 
In FIGURE 2 we have marked the 20 areas from which specimens were studied 
by our laboratory, and 14 areas, results from which were available to us by 
personal communication‘ or from published reports® of other workers. In 2 
of the 14 areas, specimens were studied by us as well as elsewhere. It can be 
seen that fairly good coverage of the country was obtained except for the Far 
West. 

Because of the small number of isolations in many of the specific locations, 

in the next table (raBLE 1) the distribution of virus types is presented on the 

basis of large geographic regions. We have arbitrarily defined the Eastern 

region to extend to the Appalachians; the Central Region from the Appalachians 

to the Rockies; and from the Rockies to the Pacific Coast was called the West. 

It is apparent that type 1 viruses were predominant throughout the country 
998 
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Number of Casas 
Per 100,000 Population 


y 30.0-° 
| No Cuses YY es 
GZ Under 1 45.0- 
A S.0. 4 59.9 
sae 15.0-29.9 te gee 


Ficure 1. Incidence rate of reported poliomyelitis by county, 1952. 


in 1952, although strains of all three types were encountered in every region. 
This predominance of type 1 was particularly evident in the Centra! and West- 
ern regions. The percentage of type 1 isolations in the Eastern States was 
definitely lower, while the percentage of type 2 viruses was relatively higher. 
By subdividing the largest region—the Central States—along the Mason-Dixon 
line, the greater frequency of type 1 is further pinpointed to the North Central 
states, with the South Central states actually showing percentage distribution 
essentially identical with the mean for the country as a whole. 

Comparing FIGuRE 1 and TABLE 1, it is seen that, generally, there was a sug- 
gestive correspondence between the areas of high incidence rates and those 
showing a greater frequency of isolations of type 1 virus. 

In TABLE 2, we have attempted to compare the virus type distribution with 
the incidence rates. The results from the 32 areas were arranged in order of 
decreasing magnitude of their reported attack rates.° The series was then 
grouped by quartiles, each quartile including the results from eight areas. The 
percentage distribution of each virus type within the quartiles indicates that, 
from the areas of highest attack rates. type 1 viruses were most frequently 
isolated while, in the quartile representing the lowest rates, the type 1 pre- 
dominance was much less marked. There is a close agreement between the 
United States incidence rate of 37.2 cases per 100,000 population and the 
median incidence rate of 41.5 in our series of 32 areas. 

In the next three tables, dealing with the relation of virus types to the clinical 
forms of poliomyelitis, we have included only the results obtained in our own 
study. Sufficient clinical information was available on 241 patients from whom 
iypable poliomyelitis virus strains had been isolated. For the purposes of this 
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FicureE 2. Poliomyelitis virus isolations in 1952. 


TABLE 1 
REGIONAL DISTRIBUTION OF ViRUS TypEs, 1952 


| Virus type (Per cent of isolations) 
Region | Number - = 

1 2 3 

PLaSE stacey (eri Ar apc cei <5 ane | 227 62 29 9 
Central ey tan. ctr teen ee ee 504 88 8 4 
WEST cst Ree re Sia: ee ee ee 63 83 | 8 9 
BL Otals hee We boyy, toe ee daa ed, pee 794 80 14 6 
INorth Gentral=:...os.5. SPM ae a it 297 94. | 5 1 
Sata Gentralewrn eee tc. cc ee | 207 80 | 13 7 


evaluation, a suggestive history and physical findings of fever and meningeal 
signs, plus positive spinal fluid findings, i.e., pleocytosis in excess of 10 leuco- 
cytes per cu. mm. and/or elevated protein in excess of 45 mgm. per 100 cc. 
were required for a presumptive diagnosis of nonparalytic poliomyelitis. Re- 
corded clinical evidence of bulbar or spinal involvement was necessary for a 
case to be considered paralytic. 

TABLE 3 shows the relative proportion of paralytic and nonparalytic cases 
tabulated by virus type and by age. Age 15 years was selected as the arbi- 
trary dividing line between pediatric and adult cases. The striking feature of 
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TABLE 2 
RELATION OF INCIDENCE RATE TO PERCENTAGE DISTRIBUTION OF VIRUS TYPES, 
1952 
Range of Attack rates* in Virus type (Percent of isolations) 
quartile (cases per 100,000 pop.) Number 

103-445 270 94 4 | 0) 

43-94 156 "7 10 B 

16-40 235 77 20 3 

4-15 133 59 28 13 


* Median attack rate in this series—41.5. U.S. attack rate—37.2. 


TABLE 3 


PERCENTAGE DISTRIBUTION OF PARALYTIC AND NONPARALYTIC CasEs BY AGE 
AND Virus TypE, 1952 


Type of disease Virus type Total of 3 types 
1 2 3 
Age in years No. |NP (%)| P (%) 
NP | P NP Pe NP) P 
No. | %) | %) | N& | @%) | (9%) | N& | | 
0-14 SSR Se Me omle4 Sa lee Sel ii Wed aleeeO) er 200 25 75 
15+ SOMA Taliaho 671533167, 5 | 20 | 80 41 Di 18 
eDotailes peer ll Ce. LOS Me2 5) SSA Za a7 OMe 22) Neo e73 241 25 75 
TABLE 4 
PERCENTAGE DISTRIBUTION OF VirUS TyPES IN BULBAR AND SPINAL PARALYTIC 
CasEs, 1952 
Virus type (Per cent of isolations) 
Number 
1 2 3 
bulbar and bulbo-spinal..................- 46 68 17 15 
Beat C ay STSI Ne MME es). oI Sol Ppa hand dhstoustat 134 68 25 7 
Total of para. and nonpara. cases......... 241 68 | 23 | 9 


this table is the uniformity of the percentage distribution of paralytic and 
nonparalytic patients within each virus type regardless of age and in spite of 
the small sample in some of the groups. The uniformity of paralytic and non- 
paralytic patient ratios is even more notable if age groups are combined for 
each virus type. The 3:1 ratio of paralytic to nonparalytic cases in this series 
is a reflection of the attempt to sample a hospitalized group of patients whose 
clinical diagnosis of poliomyelitis was established presumably beyond doubt by 
the presence of paralysis. 

In the next table (raBLE 4), the 180 paralytic patients from whom typable 
poliomyelitis viruses were isolated were divided according to the presumed site 
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TABLE 5 


PERCENTAGE DISTRIBUTION OF CyTOPATHIC AGENTS FROM CLINICAL POLIO 
CasEs IN Wasuincton, D. C., 1952 


Per cent of isolations 
Number Polio virus type 
Untypable 
1 2 3 
Pata lytic asses atest ees cee uate 63 64 33 3 0 
INGn paralytic reece ci mes 87 25 10 4 61 
IN Payeithi ne oe Cokin arma net ere 5) 20 20 0 60 


of the lesion as evidenced by the clinical signs of spinal or bulbar involvement. 
As there were only a few patients of clinically “pure” bulbar lesions, they were 
combined with the bulbo-spinal cases and contrasted with the “pure” spinal 
group. For comparison, virus type distribution for all patients in our series 
is also given. The close agreement between the relative distributions of the 
three types within each patient group is apparent in spite of the relatively 
small number of bulbar cases. It is of interest to note that one of the cooperat- 
ing hospitals supplied us with central nervous tissue material from eight 
bulbar and bulbo-spinal patients of different ages. We succeeded in isolating 
type 1 virus from four, type 2 from one, and type 3 from two of these fatal 
cases, all occurring over a period of a few weeks in the same city. 

As previously mentioned, our sampling of the Washington, D. C., area was 
quite adequate. Over one half of the cases reported in the entire metropolitan 
Washington region was tested. It was an area of particular interest in that 
it supplied us with an unusually large number of ‘“‘untypable” cytopathogenic 
agents, 7.e., agents not neutralized by the standard hyperimmune polio antisera, 
either alone or in combination. All the positive isolations from metropolitan 
Washington are summarized in TABLE 5. It can be seen that, in the paralytic 
group, all 63 cytopathogenic agents isolated were typable polio viruses. Of 
the 87 agents isolated from clinically diagnosed nonparalytic poliomyelitis pa- 
tients, only 39 per cent were typable poliomyelitis viruses; 61 per cent were 
“untypables.”” If the percentage distributions are calculated on the basis of 
only typable polio viruses, they are found to be quitesimilar in the two groups. 
In an additional group of five patients whose clinical illness was identical with 
nonparalytic poliomyelitis, except for normal spinal fluid findings, two typable 
polio viruses and three untypable agents were found. Although only 21 un- 
typable agents were isolated from specimens collected in areas other than 
Washington, 18 of them also occurred in nonparalytic patients. 

Thus, within the limitations of the small numbers involved in some areas, 
the lack of information on the past polio experience of the area, the inadequacy 
of sampling in certain age groups, and taking into consideration the fact that 
the data represent the situation during a single poliomyelitis season, the results 
of this study can be summarized as follows: 


(1) Type 1 poliomyelitis viruses were predominant throughout the United 
States in 1952. 
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(2) The predominance of type 1 strains in the North Central states seemed 
to be correlated with relatively high incidence rates. In the Eastern region, 
where the other two types occurred more frequently, the incidence rates were 
found to be considerably lower. 

(3) In paralytic and nonparalytic patient groups, the distribution of the 
three virus types isolated was the same, and this distribution did not appear 
to be influenced by age. 

(4) In bulbar and spinal paralytic patient groups, the distribution of the 
three types was also similar. 

(5) The unusually high proportion of untypable agents isolated from non- 
paralytic patients in one of the areas studied emphasizes the lack of certainty 
in making a specific diagnosis in this type of illness, even during a “poliomye- 
litis season,” without laboratory confirmation. 
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ISOLATION OF VIRUS AND THE DEVELOPMENT OF 
NEUTRALIZING AND COMPLEMENT-FIXING 
ANTIBODIES IN POLIOMYELITIC PATIENTS* 


By Joseph L. Melnick 


Yale University School of Medicine, New Haven, Conn. 


From the data accumulating in a number of different laboratories over the 
past four years, it appears that poliovirus can be isolated from paralytic pa- 
tients with a frequency of over 90 per cent, if properly collected specimens are 
tested in tissue culture, but with less regularity from patients diagnosed non- 
paralytic poliomyelitis or aseptic meningitis. During sharp outbreaks, the 
frequency of isolations in the nonparalytic group may be much higher, suggest- 
ing that, in such sharp epidemics, poliovirus accounts for more of the aseptic 
meningitis cases than it does in areas where poliomyelitis rates are low and in 
areas where there is a clear dichotomy in the epidemic curves of paralytic and 
of nonparalytic cases. During the summer of 1954, Godenne and Riordan 
found, among the poliomyelitis patients entering New Haven Hospital, that 
93 per cent (36 of 39) of paralytic patients were harboring poliovirus in their 
intestines as against only 33 per cent (9 of 27) of the nonparalytic patients. 
None of the paralytic cases yielded an orphan virus, in contrast to 19 per cent 
(5 of 27) of the nonparalytic cases. 

I should now like to add to the remarks of Doctor Shelekov (who discussed 
the types of poliovirus found in this country) by referring to some data on the 
global distribution of poliovirus and orphan viruses. Doctor A. M-M. Payne, 
of the World Health Organization of the United Nations, Geneva, Switzerland, 
kindly sent me a summary of the isolations made in poliomyelitis laboratories 
around the world (see TABLE 1). To them I have added the recent isolations 
made in our laboratory, including those obtained by Doctor Horstmann from 
her Egyptian infants. 

It is of interest to compare the situation in the two neighboring countries of 
Egypt, where poliomyelitis epidemics have not yet occurred, and Israel, where 
serious outbreaks have taken place each year since 1950. In 1951, specimens 
from Egypt were collected for us by Doctor Robert Ward from 36 six-month- 
old infants. Such young children make excellent sentinels, for at this period 
they have just lost their maternal antibodies and, like sponges, they sop up 
viruses from their environment. From the 36 rectal swabbings, we isolated 
11 viral agents:? 9 Coxsackie viruses, 1 poliovirus, and 1 orphan. virus. The 
next year, Doctor Horstmann’ greatly extended this study, and isolated over 
100 viral agents from the 300 specimens she collected from as many infants, 
most of them having minor illness at the time specimens were collected. From 
her results, it is obvious that orphan viruses are widely prevalent in this part of 
the Middle East. This finding is borne out by Bernkopf’s results in Israel: 
of the 45 viruses which he isolated, 14 were orphans. He obtained a much 

* Aided by a grant from the National Foundation for Infantile Paralysis, Inc., New York, N. Y. These re- 


marks were prepared by invitation, as a discussion to follow the preceding papers of Doctor Gordon C. Brown 
and of Doctor Alexis I. Shelokov. 
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TABLE 1 
DISTRIBUTION OF Virus TypEs ISOLATED IN TISSUE CULTURE 


Type 1 Type 2 Type 3 Orphan 

LDP ayey anor cngon A acdaeeperecos one Thea 8 + 4 91 
Tstael yc c 2 See teclcl Ways Se ae ee eee 29 1 dl! 14 
SouthoAfrical. per fc ceuarts ahtior th eee Ranearens 82 56 41 3 
Srila ciel ahhh Re tes ofS o.co are 350 1 1 4 
United Kinedomy acpi er arena 45 30 13 
UnitedtStatese ee bets utoccan oar eek eer 1250 88 142 80 
Other countries: secs se see eae eee ns 148 2H \ 232 33 

otals #2502 uae eevee eka coined cr 1912 201 224 225 
Per cent of total polioviruses ............-. 82 9 9 
Percent Orphanstas.netees cise steerer 9 

DISTRIBUTION OF POLIOSTRAINS ISOLATED AND TyPpED IN MONKEYS 

INIT DG hee eee eee etch tee ia eg 161 20 15 
Per centeesteee cer. ee ete 82 10 8 


higher percentage of poliovirus isolations, which is explained by the fact that 
his specimens were collected only from patients hospitalized for poliomyelitis. 
Type 1 poliovirus was the chief etiological agent in Israel, as it was in Sweden. 
South Africa and England are characterized by the high frequency of types 2 
and 3 isolations. 

Of the 2562 strains from around the world which have been isolated and 
typed in tissue culture, 9 per cent have turned out to be orphan viruses. Of 
the polioviruses, 82 per cent have been type 1; 9 per cent type 2; and 9 per cent 
type 3. These figures are remarkably similar to the 82 per cent, 10 per cent 
and 8 per cent distribution of types 1, 2, and 3 viruses found by the Committee 
on Typing of The National Foundation for Infantile Paralysis, Inc., New York, 
N. Y., which typed 196 strains in monkeys. 

I should now like to comment on the serological response in poliomyelitis. 
Doctor Brown has presented data which show that patients often enter the 
hospital with neutralizing antibodies already at such high levels that further 
increases are difficult to measure, a finding with which there seems to be gen- 
eral agreement. Such high levels—serum titers of 100 and over—are often 
found in the normal population and are without diagnostic significance. The 
complement fixation response is often helpful here. Typical examples of the 
serological response in patients are shown in TABLE 2.4 High titers® and avidity 
scores® are found only after a recent infection, or for even briefer periods after 
exposure to formalinized vaccine! (FIGURE 1). 

It is now our practice to use eight units of tissue culture antigen, an amount 
comparable to that recommended by Svedmyr e/ al.,° for the test with more 
concentrated antigen is more sensitive in picking up small amounts of antibody. 
With large amounts of antigen, however, the type specificity is usually lost,® 
except with sera of very young children who, presumably, are experiencing 
their first poliomyelitic infection. A combination of tests for both comple- 
ment fixation (C.F.) and neutralizing antibodies on the first specimen has 
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TABLE 2 
SEROLOGICAL RESPONSE IN POLIOMYELITIS, Tyre 1 INFECTIONS 


Neutralization C.F. titer C.F. avidity* 
Age Day after onset 
if 2 3 1 2 3 1 2 3 
6 6 4) <4 <4 | <4| <4 8 0) 0 8 
14 256 | <4 <4 16 LG || A | SSAA || Soily 25 
8 1 38; <8 <8 32 SZ EO 2 ss late> 42. 38 | >42 
28 2000 << o <8 16 16 | 16 29 MS) Ds 
7 Ay, 128 | <8 <8 16 4a 16) 225 oS i S24 
34 128 | <8 <8 16 4} 16} >32 4) >22 
i 12 | 128 | 128 | 2048 16 ley || ile | Sau UG || Seg 
36 256 | 128 | 4096 16 8 | 16 | >29 10029 


* See Black and Melnick® for method of calculation. 


proven helpful: positive C.F. tests of high titer are presumptive that a polio- 
virus is involved, and the neutralization test, if monotypic, suggests the in- 
fecting type. A multiple antigen containing all three poliotypes has been used 
to advantage for such screening purposes. The data summarized in TABLE 3 
indicate an application of the C.F. test to the diagnosis of poliomyelitis during 
1954.4 Diagnosis by neutralization tests was dependent on an antibody rise, 
and by C.F. tests, on the presence of high titer and avidity scores. In the 
21 patients in whom virus was not isolated, a diagnosis was made in 20 by C.F. 
and in only 12 by neutralization. There were 15 patients with aseptic menin- 
gitis which could be distinguished from nonparalytic poliomyelitis by labo- 
ratory studies: all but one gave clearnegative antibody responses to polioviruses, 
and one patient had a questionable reaction. From six of the aseptic menin- 
gitis patients, an orphan virus was isolated. 

Because the C.F. response in poliomyelitis is so broad, response to any one 
type may simply reflect exposure to any one of the three types. This is clearly 
seen in the results from the inoculation of 30 children with a formalin-inacti- 
vated type 1 vaccine, prepared in our laboratory.® At the time of inoculation, 
type 1 C.F. antibodies were not present at a detectable level in any child, and 
types 2 and 3 antibodies in only one individual. As shown in TABLE 4, when 
C.F. antibodies did appear, with but three exceptions, they were only against 
those types with which there had been previous natural experience, as indicated by 
the neutralization tests on sera collected prior to inoculation. The presence 
of type 1 neutralizing antibody had no significant effect on the probability of a 
type 2 or type 3 C.F. response after injection of type 1 antigen, and vice versa. 

Information on the broad C.F. response is useful to help explain the sero- 
logical observations recently made in Connecticut and shown in TABLE 5, 
namely that complement-fixing antibodies can occur in children without de- 
tectable neutralizing antibodies against any of the three poliovirus types. 
The frequency with which C.F. antibody, particularly type 3, is found in such 
children is readily apparent. Typical individual responses are shown in TABLE 
6, in which the results of three specimens taken over the course of the summer 
are presented on each child. Some children already had C.F. antibodies in 
the absence of neutralizing antibodies in the spring. Others had neither type 
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Ficure 1. Response of six monkeys to inoculation of trivalent formalinized poliovaccine. The time of each 
intramuscular inoculation of one ml. of vaccine is indicated by an arrow. The neutralizing antibody responses 
are similar to those reported by Salk and his co-workers. Complement-fixing antibodies appeared shortly after 
the first course of injections and then fell to below detectable levels by the 14th week. A booster injection at 
this time was followed again by a sharp but transitory rise of C.F. antibodies. 


TABLE 3 


CORRELATION OF LABORATORY DIAGNOSIS WITH CLINICAL DISEASE, VIRUS 
ISOLATION, AND SEROLOGICAL RESPONSE IN 63 PATIENTS DIAGNOSED 
AS HAvING POLIOMYELITIS 


Clinical illness: Confirmed by: Diagnosed by: 
Laboratory diagnosis: Virus ss VITIS ENOL 
Pose type of infection isolated isolated 
Bulbar lytic Nonpar. Neut. Cr Neut. | C.F. 
5 11 11 | Poliovirus 1 27 14 Mil 
1 2 1 3t 0 | 3 
4 2 4 1 4 
4 3 2) 3 9 2 9 
5 3 5 2 5 
6 | Orphan* 6 6 6 
9 | Unknown, but not 9 9 8 
poliomyelitis * 


* Confirmation of the orphan virus and unknown infections as not poliomyelitis indicated by negative reac- 


tions to poliovirus in the neutralization and C.F. tests, or by negative C.F. tests associated with stationary levels 
of neutralizing antibodies. 


t No stool samples available on two of these children. 
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TABLE 4 


CHANGES IN C.F. Antipopies IN CHILDREN AFTER INOCULATION witH TYPE 1 
FORMALIN-INACTIVATED VIRUS 


1009 


Type of antibodies 


Neutralizing antibodies 
prior to inoculation 


Number without C.F. 


antibodies preinoc. 


C.F. antibody response 


Positive Negative 
1 — 10 1 9 
+ 20 8 12 
2 _ 15 1 14 
+ 15 9 6 
3 _ 13 1 12 
+ 13 7 6 


TABLE 5 
DIsTRIBUTION oF C.F. ANTIBODIES IN 28 NoRMAL CHILDREN, AGED 6 TO 9, 
WirHout DETECTABLE NEUTRALIZING ANTIBODIES AGAINST ANY OF 
THE 3 PoLiovirUS TYPES 


Serum titer Type 1 Type 2 Type 3 Type 1 Type 2 Type 3 Avidity 
16 5 6 23 4 4 18 16-36+ 
8 3 3 5 3 + 8 8-15 
4 5 3 0 6 6 2 1-6 
<4 15 4 0 15 14 0 0 
TABLE 6 


C.F, Reactions IN CHILDREN WirHout NEUTRALIZING ANTIBODIES 


Serum titer Avidity 
No. of child and date serum obtained|- 
I II il I IL Til 
54 0 oO F16 0 0 14 

MENA V ETO OA one causes 6 = 
18 Jane 7 jane ck Rn ee ocean 0 0 8 0 0 10 
MONON areienc beste aiepetiet c/o: slteyrousi ots 16 4 16 15 1 >25 
244 

: SINR tao o ie ee nat cee 0 0 8 0 0 | 7 
TS EEG, 3 Genie ers bd Dog cron 0 0 8 0 0 15 
Si INE ORY= eke 2 ROR Re RENE En cD 4 8 16 3 11 26 
298 

oy IRC orto ce RES aera 16 0 16 >29 0 17 
MIS eMC settee (ee cJay chat ee 5 30h 16 8 16 >29 2 19 
MORIN ON Gite ct Pe crariyar te Seale oat 16 8 16 >31 5 yy 


of antibody in the spring and made only C.F. antibodies during the summer 
months. Each of the neutralizing antibody measurements was carried out In 
tests which included control sera. When present, small amounts of type 3 
antibody were readily detected in the test. The most attractive interpretation 
of these data—to us at least—is that a type 4 poliovirus, presumably of low 
virulence, exists in nature, and produced a heterotypic C.F. response in the 


children studied. 


The available evidence suggests that, like type C influenza virus, type 4 
poliovirus should rarely produce disease. Because of the group C.I’. response 
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among the polioviruses, however, infection with type 4, if it exists, may be 
detected by the appearance of C.F. antibodies (but not neutralizing antibodies) 
against any one of the known three types. 


The papers of Doctor Brown and Doctor Shelokov, as well as this discussion, 


have purported to show that, while much new information has recently accu- 
mulated in regard to virus isolations and serological responses in poliomyelitis, 
there are still opportunities for investigative work in this field. 


On 
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POLIOMYELITIS AND THE COMMUNITY 


By Alexander D. Langmuir 
Communicable Disease Center, United States Public Health Service, Atlanta, Ga. 


In this paper, I propose to extend my remarks to questions pertinent to the 
concept of the virus and the community. 

As a former ‘‘shoe leather” epidemiologist who now develops his callouses 
elsewhere than on his feet, I sit at my desk lost in admiration of the techno- 
logical advances reported in this monograph, and of their brilliant application 
to the field problems described. More and more, it is becoming apparent that 
the three separate types of poliomyelitis are behaving in the classical patterns 
of the familiar contagious diseases. This is a fundamental point that will serve 
as the underlying theme of my discussion. 

At the conference on which this monograph is based, I sensed a quiet enthu- 
siasm, an optimism that I do not remember at previous conferences on polio- 
myelitis. The reason is obvious. Within the past three years, a theory of 
the pathogenesis of the disease, including the existence of a viremia stage, has 
become thoroughly established. Furthermore, almost certainly within the 
next two to three years, or sooner, one or more effective immunizing agents 
will become generally available to physicians and public health officials. Now 
is the time for epidemiologists to make the best use of our new understanding 
and our much anticipated new weapons. Let us reappraise our position, re- 
establish our goals, and prepare for the conquest of poliomyelitis. 

Doctor Joseph A. Bell has stated, and I believe I quote him correctly, that 
our ultimate aim is “‘to alter the relationship between the host and the parasite 
so as to prevent paralytic disease.”’ In my judgment this objective is only a 
partial one. The statement implies that the poliomyelitis viruses could and 
should remain with us and continue to spread, presumably harmlessly, about 
the population. If the viruses were to remain, almost certainly some individ- 
uals would fail to be immunized and at least sporadic cases with paralysis would 
continue to occur. 

I believe a sounder goal should be established. We should seek not just to 
alter the host-parasite relationship, but to disrupt it, so that the poliomyelitis 
viruses may be eliminated, even eradicated from the country. Evidence is | 
becoming increasingly strong that this goal is scientifically tenable and reason- 
ably attainable within a few years. 

The basis for this optimism is the accumulating mass of evidence that the 
three types of poliomyelitis are behaving, epidemiologically, like the common 
contagious diseases. The mechanism for the survival of these infectious agents 
is quite well understood. It depends upon the balance of immunes and sus- 
ceptibles in the population. Measles is the classic prototype. Under normal 
circumstances, epidemics occur only when the proportion of susceptibles ex- 
ceeds a certain threshold. When this proportion of susceptibles is lowered by 
either natural or acquired immunity, epidemics do not spread. 
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This mechanism has long been respected by epidemiologists as one of the 
most firmly established forms of the host-parasite relationship. Certainly, all 
measures designed to reduce the contact rate or the spread of infection from 
person to person have been unsuccessful and have served only to postpone 
infection, thus causing some age shift in incidence to older groups. Indeed, 
many of the acute contagious diseases have continued to exist for centuries 
with little or no change in incidence. Poliomyelitis is almost certainly one of 
these. 

While the mechanism of survival may be firmly established, it has one vul- 
nerable point, namely, a high level of immunity. If an effective vaccine be- 
comes available and is widely used, then the proportion of susceptibles can be 
promptly lowered below the level that permits epidemic spread. Endemic 
spread alone will be insufficient to maintain survival. The infection must 
disappear. 

We have seen this process come slowly for smallpox and more rapidly for 
diphtheria, very much in relation to the degree of acceptance of the respective 
vaccines. The process is now complete for smallpox, and is rapidly becoming 
so in many areas for diphtheria, even though large numbers of the population 
have never been immunized and even though, ina still larger number of persons, 
the immunity has waned. 

In eradicating poliomyelitis, our problems will be relatively easy. When a 
safe and effective vaccine is released, very wide acceptance will be immediate, 
a matter of months. The proportion of susceptibles remaining in the popu- 
lation will be lowered very substantially. Wherever this occurs, epidemics of 
poliomyelitis cannot occur. A scattering of endemic or sporadic infections 
will not be sufficient to maintain the chain of infection, and the viruses must 
disappear. If immunization is widely accepted throughout the country, eradi- 
cation of the viruses should follow promptly. 

It is now most appropriate to endeavor to visualize the problems that will 
be encountered at that time. Cases will continue to be reported as poliomye- 
litis, especially the nonparalytic form of the disease. A large number of famil- 
lar agents cause such a syndrome, and other agents, less familiar or not yet 
characterized, certainly exist. An outbreak of one of the arthropod-borne 
encephalitides, or a group of cases of mumps, encephalitis, pleurodynia, or 
leptospirosis, if first diagnosed and reported as poliomyelitis, may well lead to 
community hysteria just as a smallpox outbreak does now. 

It is essential, therefore, that a surveillance of poliomyelitis and similar 
diseases be established throughout the nation by public health authorities, 
backed by laboratories equipped to isolate and identify not only the polio- 
myelitis viruses but also the other agents that may simulate poliomyelitis. 

if a particular outbreak does not prove to be poliomyelitis, only prompt 
clinical and epidemiological investigation in the field, backed by competent 
laboratory diagnostic service, will allay hysteria. If the outbreak does prove 
to be poliomyelitis, it will indicate a failure of the vaccine, a fact of immediate 
national importance, for which corrective steps should be taken without delay. 

Thus, I believe we can be soundly optimistic. We should set the eradication 
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of the poliomyelitis viruses from the country as our logical ultimate goal. If 
the theory is valid that the disease is caused by an obligate human parasite 
which depends for survival upon the balance of immunes and susceptibles, 
then, whenever a safe and effective vaccine becomes generally available, eradi- 
cation of the viruses from the country should follow promptly. 


Part V. Immunization Against Poliomyelitis 
POLIOMYELITIS INFECTION IN IMMUNIZED CHIMPANZEES* 


By Howard A. Howe 
Department of Epidemiology, Johns Hopkins University, Baltimore, Md. 


Circulating antibody is now generally believed to play a dominant, if not an 
exclusive role in immunity from paralysis in poliomyelitis. The authority for 
this statement comes largely from experiments on laboratory primates, bit 
there are certain confirmatory observations which have been made on man 
himself. As yet, these experiments are rather limited, though they are accu- 
mulating rapidly at this time. It seems clear that the presence of circulating 
antibody in the blood serum of adult human beings is connected with their 
immunity to paralysis, even though these levels in some individuals appear to 
be very low. The difficulty of investigating a disease like poliomyelitis, in 
which the incidence of paralysis is very low, has enforced considerable depend- 
ence upon laboratory studies. Various experiments have therefore been under- 
taken in chimpanzees, since it is believed that the immune mechanisms of this 
animal and of man are very similar, if not identical. For example, both species 
readily become alimentary virus carriers with a low paralytic rate,':? both 
show viremia and rapidly mobilize antibody after the stage of viremia,’ both 
species react to killed vaccine in a quantitatively similar fashion,* and both 
develop high antibody levels during convalescence from either paralytic or 
alimentary infection.® Avirulent strains of poliomyelitis virus have been fed 
to human beings with results that are similar to those observed in chimpan- 
zees.®'7 But the latter species still possesses a certain advantage in that it 
may be fed highly virulent strains of this virus, and the course of infection 
and its immune response may be studied throughout in great detail. For 
example, chimpanzees have been passively immunized by the injection of hy- 
perimmune serum in sufficient quantity to produce serum antibody levels 
ranging from 1 in 10 to1 in 100.f Animals showing these levels were fed viru- 
lent virus, following which neither paralysis was observed nor could virus be 
detected in the blood, although both were noted in control animals.* 

This paper deals primarily with observations on 19 chimpanzees immunized 
with formol-inactivated poliomyelitis virus. These experiments have been 
described in greater detail elsewhere. The animals received large doses of 
vaccine over a considerable period of time in an effort to obtain maximum 
antibody responses. One group of 9 animals (the F series) received type I 
vaccine alone, while a second group of 10 animals (the G series) received a 
vaccine containing all three virus types. At the cessation of immunization 
the animals were fed active type I (Brunhilde strain) virus and were observed 
especially for the appearance of paralysis and for the frequency and duration 
of alimentary infection, as evidenced by virus in the feces. After an obser- 
vation period of about two years, the animals were again challenged with 


* Aided by a grant from the National Foundation for Infantlie Paralysis, Inc., New York, N. 


} Antibody levels are designated by a figure which, on a log scale t iluti : 
of producing a 50 per cent end point with 100 infective doses of virus. ieaie intima pS 2°) 


1014 


Howe: Infection in Immunized Chimpanzees 1015 


type I virus. The two groups received identical treatment save in one respect, 
namely, that the F group in addition to type I challenge also was fed type II 
(Wallingford strain) and type III (Leon strain) viruses, 9 and 25 weeks, re- 
spectively, after the type I challenge. 

Following the initial feeding of type I virus, several things were apparent. 
First, there were no paralyses. This could have been a chance result since, 
actually, none of the five unvaccinated control animals was paralyzed either. 
However, the over-all paralytic rate for this particular challenging virus pool 
in other control chimpanzees had been 2/14 or 15 per cent, thus indicating 
that it was capable of producing paralysis. Therefore, the occurrence of even 
one paralytic in the vaccinated group would have shown the ineffectiveness of 
the immunization. 

Second, while all of the controls became alimentary virus carriers, only 10 
of the 19 immunized animals had detectable virus in the stools during the 
second or third weeks following the challenge (stools of the first week were not 
tested, since virus from the inoculum might still be present). Thus, it is ap- 
parent that the number of animals experiencing alimentary infection had been 
reduced by about 50 per cent as compared with controls (lines 3 and 4 of TABLE 
1, last column). It was also observed that those animals that did become in- 
fected carried virus in lower titer and for a more limited time than the controls. 
This can be seen in TABLE 1 by comparing lines 7 and 8 with 11 and 12. Here 
are shown the virus isolations from the stools of the same animals tested in two 
different ways, by direct intracerebral injection, or by instillation into the 
nares of monkeys. It is recognized that the intracerebral method is consider- 
ably more sensitive than the intranasal method. For example, in 36 stools 
negative by intranasal assay, it revealed virus in 7 instances. With the intra- 
nasal method, only 4 of the 19 animals (21 per cent) were found to be infected 
during the second week, whereas only 2 (11 per cent) were found in the third 
week. The same stools tested intracerebrally showed that 7 out of 18 (42 per 
cent) were positive in the second week, and 5 out of 18 in the third week, thus 
indicating that a considerable number of the stools had dropped below the level 
at which virus could be detected by the intranasal method. These are to be 
compared with the control ratios as determined by both intracerebral and 
intranasal methods, in which one can see that, during the first week, 100 per 
cent of the controls carried virus in the stools whereas, during the second week, 
62 to 70 per cent were still infected (TABLE 1, lines 7 to 12). ; 

Another point of interest relates to the relationship between the serum anti- 
body titer at the time of challenge and the infection rate as judged by virus 
excretion, as well as the magnitude of the booster effect produced on serum 
antibody. It can be seen (TABLE 2) that, in general, the higher the serum 
antibody at the time of challenge, the lower the rate of alimentary infection. 
It is also clear that, the higher the antibody level initially, the lower the subse- 
quent antibody response to challenge in relation to it, so that animals experi- 
encing challenge with no antibody showed an average rise of 160-fold (2.2 logs), 
while animals with initial levels of 10~?-° were increased to 1S, Those 
showing an initial level of 10-*-® rose, on the average, only 0.2 of a log, while 
those coming to challenge with an extremely high level, 10-4, actually suffered 
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TABLE 1 


Ratios OF CONTROL AND IMMUNIZED OR CONVALESCENT CHIMPANZEES SHOWING VIRUS IN 
THE Feces DuRING THE SECOND AND THIRD WEEKS AFTER HOMOLOGOUS 
ORAL CHALLENGE 


Some Specimens Assayed by Intranasal and Intracerebral Monkey Inoculation 


Virus in feces (weeks after challenge) 


Experimental category Infecting pool 2 3 3&4 
Ratio + ae Ratio + Sie Ratio + Boe s 
Both methods 
1. Controlsz secs terse Brun I and IT 8/9 88 | 6/9 67 8/9 100 
2 Controlssege at ae: Brun IIT 9/9 100 | 6/9 67 9/9 | 100 
See Controls ae. ee Brun IV 10/10 | 100 | 7/10 | 70 | 10/10 | 100 
4. Vacc. (1st. chal- 
lenge). ee ee noo Loe 8/19* | 42* | 4/19* | 21* | 10/19"), 53 
5. Vacc. (2nd. chal- 
lenge) ei seeren Brun IV 2/13 159900713 0 2/13 15 
6. Convalescents...... Brun I and II 2/13 15 Ova: 0 2/13) ais: 
Intracerebral method 
ioc Controls-eeea ete Brun IV 10/10 | 100 | 7/10 | 70 | 10/10 | 100 
8. Vacc. (1st. chal- 
lenge) Ma eee Brun III 7/18 42. | 4/18* |-22* | 9/18Figea0 
9. Vacc. (2nd. chal- 
lenge)...........| Brun IV 2/13 15 | 0/13 0 2/13" \ael 
Intranasal method 
LON Controlsaeyiee nor Brun I and IT 7/8 8&8 | 5/8 62 7/8 88 
ii Controls. see Brun III 9/9 100 | 6/9 67 9/9 100 
12. Vacc. (1st. chal- 
len ge). aia tee | Brun ITI 4/19 21 | 2/19~)| 11 4/19 | 21 
13. Vacc. (2nd. chal- 
lenge) eee oak Brun IV 1/17 1S 07 7 0 1/7 13 
14. Convalescents...... Brun I and II 2/13 15 | 0/13 0 2/13) eels 


* These figures, from the original table,’ were slightly in error (higher). 


a small decline in antibody level during the subsequent month. It is of interest 
to note, however, that, regardless of the level at the time of challenge, after the 
challenge, the levels tended to be of the same magnitude. 

Thirteen of these chimpanzees came to a second type I challenge roughly 
two years after the first, and, on this occasion, they behaved in a fashion similar 
to that just described. No paralyses were observed either in the test group or 
in 10 controls without antibody, although the latter all became alimentary 
carriers and developed high antibody titers (raBLE 2, line 1). In those animals 
in which the original antibody level was high, averaging 10-2-*, there was no 
further increase in titer after the challenge, and none of the animals became 
alimentary virus carriers. In the group of nine animals with lower serum 
titers at challenge, namely, an average of 10-!-8, six animals showed antibody 
increases of sufficient magnitude to raise the average for the entire group by 
0.8 of a log, although only two of these nine animals became a demonstrable 
though transient virus carrier following this challenge. The animals were in- 
distinguishable from a group convalescent from a previous attack of poliomye- 
litis but never vaccinated (TABLE 1, lines 1, 3, 5, 6). These findings indicate 
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TABLE 2 


RATIOS OF VACCINATED CHIMPANZEES SHOWING ALIMENTARY INFECTION AND TypE I 
ANTIBODY RISE IN RELATION TO Type I AntTIBOpDY LEVEL AT THE TIME OF ORAL 


CHALLENGE 
First challenge Second challenge 
Prechallenge Antibody Antibody 
antibody A : P : 
Virus in Virus in 
Ratio | Average} Average stools Ratio Average | Average stools 
showing at after showing at after 
rise challenge |challenge rise challenge |challenge 
0-trace 5/5 0 Dink, 5/5 10/10 0 Dil 10/10 
10/1-5-10-2-4 6/9 20) BAS) 5/9 6/9 1.8 2.6 2/9 
10-1029 3/6 2.6 2.8 4/6* 0/4 2.6 205 0/4 
1073-9 + 0/4 3.4 Sal 1/4 


——— 


* This figure, from the original table,’ was slightly in error (3/6). 
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Ficurr 1. Average levels of type 1, 2, and 3 antibody in 10 chimpanzees (G series) vaccinated with formalin- 
inactivated trivalent cord vaccine and challenged orally with type I virus. 


that, even in convalescents, transient infections may take place if the serum 
antibody level is below 10-?’°. 

Another observation of interest relates to the behavior of antibody over this 
two-year period in relation to infection with heterotypic virus strains. FIGURE 
1 shows the average levels of type 1, 2, and 3 antibody in the 10 animals of the 
G group at the cessation of immunization, at the time of challenge, and at suc- 
cessive periods following the type I challenge. It can be seen that during the 
succeeding period of 108 weeks, all types of antibody declined, and that the 
decline was very nearly as great in type I, which had been boosted by challenge, 
as it was in either type II or III, which were not so reinforced. Type I anti- 
body was strongly boosted by another type I challenge on the 108th week, but 
there was no noticeable effect on either type II or type ITI antibodies. FIGURE 
2 shows a somewhat different picture in 9 animals (the F group) which experi- 
enced several infections over a period of 91 weeks. After the type I challenge 
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Ficure 2. Average levels of type 1, 2, and 3 antibody in 9 chimpanzees (F series) vaccinated with type 1 
formalin-inactivated cord virus and challenged orally with types I, IJ, and III. 
and a small booster effect, the average titers then dropped during the next 8 
weeks, at which time, however, the animals were fed type II virus, which in- 
fectedall of them except one, which had type II antibody at the time of feeding. 
The increase in the average type II antibody level is clearly shown. At the 
same time, the average level of type I in these animals also showed a noticeable 
increase, which, however, declined during the next 16 weeks. At this time, 
these same animals were fed Leon virus (type III) and, on this occasion, all 
gave evidence of having been infected. The average antibody rise to type III 
is shown in this slide, but it is of further interest that there was a very distinct 
boost in type II and type I antibodies in the period which coincided with the 
development of the Leon infection. The individual rises were variable in mag- 
nitude (0.2 log to 1.7 log) and were not always observed in every animal, but 
they were sufficient to increase the averages as shown.* The increase of type 
II antibody was particularly striking, and was observed in eight out of the 
nine animals. It is also significant that the boosting of heterotypic antibody 
was never observed unless there was evidence that virus infection had taken 
place. Thus, increases in either type I or type II antibody were never observed 
in the absence of evidence of type III infection, and so on. The net result of 
these repeated infections appears to have been a maintenance of type I and 
type II antibody at a level very much higher than in the G series of animals 
(FIGURE 1), so that, at the end of 85 weeks, the average levels were almost as 
high as they were after the first challenge. In consequence of this, when the 


* Actual values for individual animals will be found in Howe. § 
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second type I challenge was given, very little evidence of increase in type I 
antibody level was noted. 

While similar heterotypic antibody responses have been occasionally noted 
in human poliomyelitis,® !° their extent and significance cannot be fully appre- 
ciated without further work. The three types of poliomyelitis virus were 
originally separated from one another by methods which were designed to em- 
phasize the antigenic differences between them,'' . '5. 4 the experiments being 
based upon the failure to demonstrate cross protection or cross neutralization 
in vaccinated animals. It would appear, however, that there may very well 
beantigens in common to all types, and that these are demonstrated more readily 
in actual infection than in experiments dealing with vaccinated animals only. 
In a series of observations on the challenge of monkeys previously paralyzed 
by several different strains of type I virus, Bodian'® noted that up to 65 per 
cent of the animals in some groups were protected against a subsequent hetero- 
typic type II challenge and that, even though paralysis ensued following a 
challenge, it was distinctly milder than would be expected in the case of disease 
initially produced by the challenging strain. A similar finding was recorded by 
Casals, Olitsky, and Brown'® for mice vaccinated with inactive type II virus 
and challenged with mouse-adapted type III (Leon). There have also been 
other suggestions in the conventional typing of viruses! ™: 1.17 that certain 
strains possess some antigenic relationship to more than one type. It is pre- 
mature to generalize as to the role, if any, that these heterotypic responses 
might play in actual immunity. It is reasonably clear that, as in the case of 
influenza strains,'* the antigenic constitution of poliomyelitis virus strains is 
quite variable. Hence, the possibility exists that a single encounter with cer- 
tain strains of poliomyelitis virus may confer some advantage on the individual 
in relation to infections with presumably heterotypic strains. 
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Discussion of the Paper 


Docror Davip BoptAn (Poliomyelitis Laboratory, The Johns Hopkins Uni- 
versity, Baltimore, Md.): The very interesting paper by Doctor Howe gives me 
an opportunity to discuss its bearing on the subject of previous papers on 
poliomyelitis in the community. It may seem inevitable that the attention of 
so many of us appears to focus primarily on the means of artificial immuniza- 
tion, whether modified or inactivated virus vaccines, rather than on the mech- 
anism of immunization in relation to population immunity. The mechanism 
of such immunity is still a fertile field of study, especially since there is already 
much information, and since there are powerful new tools for further investi- 
gations. 

Poliomyelitis is a disease spread by human agencies. If we immunize a 
person, we then not only may prevent his becoming a patient, but conceivably 
we may prevent him from becoming an agency for the spread of the disease to 
others. What do we know about this subject? As far as smallpox is con- 
cerned, as Doctor Langmuir pointed out in his discussion, we know that in 
this country immunization has essentially eliminated that disease, although 
many persons in some of our communities have never been vaccinated. These 
nonimmune individuals do not have smallpox because there is no virus left to 
infect them. Is this going to be the story with poliomyelitis? 

‘This question can be approached from what is already known from experi- 
mental work. In experimental animals, serum antibody produced by passive 
or active immunization can prevent paralytic poliomyelitis. What can it do 
by way of preventing multiplication of virus in tissues that excrete the virus 
into the environment? We know, as a result of studies in chimpanzees and 
in human beings, that high levels of serum antibody are present in the prepara- 
lytic period of natural infections or of infections by virus feeding..2 Yet virus 
is excreted in high titer in the feces for two weeks or more following onset of 
paralysis. This proves conclusively that high levels of serum antibody are 
quite ineffective in preventing viral multiplication in the cells in the alimentary 
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tract which produce fecal virus, once virus has invaded these cells. In other 
words, serum antibody developed after virus exposure of the alimentary tract, 
or of the nervous system, does not materially affect viral multiplication in 
either of these two tissues. 

Now it is also known that previous infection of chimpanzees or of human 
beings by virus feeding greatly inhibits subsequent reinfection of the alimentary 
tract by feeding the same virus strain some months later.*: 45 Since the first 
infection has produced serum antibody, the question must be asked whether 
such antibody, present prior to reinfection, can inhibit fecal virus excretion, 
whereas we know that serum antibody developed during a primary infection 
is unable to do so. Or, is it possible that prior infection inhibits reinfection of 
the alimentary tract by virtue of a local persistence of noninfective virus par- 
ticles remaining from the first infection, or by means of some other local immune 
process distinct from the effects of circulating antibody? 

The latter view seemed more plausible to me until Doctor Howe’s experi- 
ments were made, since I had shown that high levels of passive antibody given 
to chimpanzees just before virus feeding did not prevent or inhibit the ali- 
mentary infection. In retrospect, I believe it possible, however, that my 
chimpanzees were exposed to virus before the high levels of passive serum anti- 
body (over 1:100) could permeate into tissues of the alimentary tract in which 
virus multiplies and from which it is excreted. Doctor Howe’s chimpanzees 
are interesting and important, first, because the antibody produced by immuni- 
zation with killed-virus vaccine was present long enough before virus feeding 
to allow for distribution of antibody into available tissue spaces and, second, 
because the antigen, being inactivated, could not produce a form of local im- 
munity in the alimentary tract by multiplication prior to the challenge virus 
feeding. 

There are certain important points to keep in mind, however. First of all, 
neither previous alimentary infection nor previous vaccination produces com- 
plete resistance to alimentary infection with virus of the same type. Second, 
Doctor Howe’s work suggests that only animals with high levels of serum anti- 
body produced by vaccination with inactivated virus show any appreciable 
inhibition of alimentary infection. The effective levels are comparable not to 
the primary response of children vaccinated in Doctor Salk’s studies but, pos- 
sibly, to the levels of the booster response which he reported last summer.*® 
It is possible, however, that even low serum antibody levels, by preventing 
viremia, could inhibit fecal virus excretion from foci in the alimentary tract, 
which may be infected from the blood stream. 

At the risk of poaching on Doctor Wilson’s domain, I should like to conclude 
by commenting on the significance of all of this in regard to the problem of the 
biological survival mechanism of this intestinal virus, in the face of possible 
future mass vaccination. Looking at the problem from the point of view of 
the survival of the virus species, it appears conceivable that, if mass immuni- 
zation of a population included a large proportion of adults as well as children, 
even with inactivated virus vaccination plus booster doses, the amount of virus 
dissemination, from throat or feces, could become so reduced that the virus 
would disappear from large communities on a continental scale. We know 
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that the survival of poliomyelitis virus populations in smaller human communi- 
ties may be so precarious, even without immunization, that the virus may 
disappear for many years, until reintroduced from the outside. 

The question is, can this process be assisted in a large community by mass 
immunization? I believe the answer depends, as is so often the case, on quan- 
titative relations between the potency of vaccines, the degree of acceptance of 
vaccination, and sociological factors, such as play an important role in deciding 
the immune status of nonvaccinated populations. Moreover, the prevention 
of reintroduction of the viruses of poliomyelitis into a community appears to 
be a much more formidable problem than the analogous problem in relation 
to smallpox. 

On the other hand, if it is true that widespread vaccination with inactivated 
vaccines could conceivably reduce the amount of dissemination of virus in the 
population by fecal routes of contamination, as well as possibly reduce paralytic 
incidence, does it follow that an immunized population could be produced which 
progressively might become more susceptible to epidemics of paralytic disease? 
One can only speculate regarding this point, but it would appear to me, in view 
of what we know already that, first of all, the populations in which epidemics 
of paralytic disease are occurring are precisely those populations which already 
are presumably showing the effects of reduced prevalence and dissemination of 
excreted virus, so that they could hardly be said to be deprived of widespread 
virus exposure because of artificial immunization of any kind. It may be said, 
of course, that artificial immunization by virus feeding with avirulent strains 
could give such population not only a primary immunological stimulus, but 
also could produce, to some extent, the spread of excreted virus which would 
infect and immunize nonvaccinated individuals, or reimmunize those whose 
immunity has waned after a previous vaccination experience. This hope, how- 
ever, seems to be a rather contradictory one, since it is already apparent that 
populations which would require immunization programs are able to reduce 
greatly the amount of virus in the environment because of developments in 
sanitation and other habits of life. Populations which scarcely need vacci- 
nation, because of a low incidence of paralysis, already have an abundance of 
poliomyelitis strains in the community which are actively immunizing children 
soon after they are born. 
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A CONCEPT OF THE MECHANISM OF IMMUNITY FOR 
PREVENTING PARALYSIS IN POLIOMYELITIS* 


By Jonas E. Salk 
Virus Research Laboratory, School of Medicine, University of Pittsburgh, Pittsburgh, Pa. 


The principles of immunization, as they appear to apply to the problem of 
poliomyelitis, have been discussed previously. It is the purpose of this com- 
munication to elaborate upon a concept of the dynamics of immunity to paraly- 
sis as it has been deduced from certain epidemiologic observations and from 
studies with noninfectious vaccines. By way of summary, the essential fea- 
tures of the immunologic reaction, in man, following an injection of formalde- 
hyde-treated poliomyelitis virus vaccine, are shown in FIGURES 1, 2, and 3. 
FicureE 1 illustrates the level of the antibody response elicited by three doses 
of vaccine given in a five-week period with the second dose having been admin- 
istered two weeks after the first. A distinction between the primary vacci- 
nation-effect, and the secondary, or booster, effect is seen in the comparison of 
the left-hand and the right-hand frames in FIGURE 1. Persons who have de- 
monstrable antibody from a previous natural infection respond with higher 
levels of antibody than do those who give no evidence of having had a prior 
immunologic experience with the respective virus types. 

In studies with poliomyelitis vaccines, the same phenomenon has been 
observed as with other vaccines, where a two-stage procedure is required to 
raise the concentration of serum-antibody to the very high levels that can be 
achieved. It has been observed also that a relatively long interval is required 
between primary and secondary stimulation before the full booster effect can 
be elicited in man. The minimal interval in man appears to be a number of 
months. In monkeys, the effect seems to be fully developed in about four 
weeks. In the mouse, the optimal interval can be measured in days. The 
relative ineffectiveness of multiple inoculations, when the several doses are 
given at intervals too short to produce a maximal effect, is illustrated in FIGURE 
2. If, however, primary immunization had been adequate, and if a sufficient 
interval had elapsed between primary and secondary stimulation, then merely 
a single dose appears to be sufficient to produce a maximal response, as is 
shown in FIGURE 3. 

Present evidence indicates that antibody induced with a noninfectious anti- 
gen is not evanescent and, also, that the effects of primary immunization are 
such that subsequent revaccination, at intervals of up to at least two years, 
results in sharp rises of antibody to heights comparable to, or beyond, those 
observed in persons who have had a natural infection. Thus it would appear 
that man reacts to the poliomyelitis antigen in accordance with the same laws 
that appear to govern the reaction to other antigens. 


The Significance of the Immunologic C omplexity of the Poliomyelitis Viruses 
In the past several years, many investigators have reported evidences sug- 
gesting the existence, in viruses of one type, of antigenic components that 
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FicurE 1. Distribution of types 1, 2, and 3 antibody titers before and after vaccination with aqueous tri- 
valent poliomyelitis vaccines. Persons with no demonstrable antibody before vaccination (left); and persons 
with some antibody from previous nonparalytic infection (right). 


8192 
- 4096 
‘ 2048 ee 
fe 1024 eee 
fs 6 512 eee eee. 
8 E256 e eco 
a 128 oe0s0e ecco 909829900800 
= a 64 e 9260 ee 
gf 32 6909809 0280000 ©09000909 00689 eoce 
SQ 16 eccce oe 
z° 8 00090090000 80002000 eo 
5O 4 0000000 
2 ee 
<4 Gy tel ee 
000000 
BEFORE AFTER AFTER AFTER 
VACCINATION FIRST DOSE SECOND DOSE THIRD DOSE 
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characterize the predominant antigen of one or both of the other two types. 
Further evidence for this has been obtained in the course of our studies in man. 
These observations have furnished clues to the probable mechanism whereby, 
under natural circumstances, paralytic poliomyelitis is controlled by immuno- 
logic means. I should like to summarize the essential features of the obser- 
vations that have been made as they bear on this question. 

First, I should like to show the extent to which the immunologic response is 
different in persons who have no antibody to any of the three types prior to 
vaccination, as compared with individuals who possess antibody for one or 
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Ficure 3. Secondary or “‘booster’’ effects in persons who have hada natural infection. Influence upon anti- 
body level of each of three doses spaced at intervals of two and five weeks after the first dose. 
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Ficurr 4. Type 1 antibody response to first dose of vaccine in persons with different antibody patterns of 
prevaccination. 


more of the three known types. A comparison of the different degrees of re- 
sponse to the type 1 component of the vaccine, as observed in groups of such 
persons, all of whom, prior to vaccination, had no demonstrable type 1 anti- 
body, is shown in FiGURE 4. It is to be emphasized that the antibody responses 
here recorded are those observed after the first dose of vaccine. It would 
appear from these data that persons who had a previous type 2 infection (as 
indicated by the presence in their blood serum, at the time of vaccination, of 
antibody for the type 2 virus) responded with much higher levels than did 
persons who had no antibody to any of the three types. Persons who had a 
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prior type 3 infection did not react to the same degree as did those who had a 
prior type 2 infection. The group with type 3 antibody before vaccination 
reacted not too differently from individuals who had no previous immunologic 
experience whatever. Those who, prior to vaccination, had antibody for both 
types 2 and 3 virus seemed to react as if they had either a prior type 2 or type 
3 infection. Persons who had a measurable amount of type 1 antibody before 
vaccination responded with a full booster effect. 

It would seem from the data in FIGURE 4 that the naturally occurring type 2 
viruses that were the cause of the infection in these individuals must have 
possessed a sufficient amount of type 1 antigen to have produced the degree of 
immunologic hyperreactivity that was revealed by the effect of vaccination. 
Infection with the type 3 viruses, on the other hand, seemed to have produced 
a barely perceptible sensitizing effect. 

When a comparison is made of the response to the first dose of vaccine in 
persons who do, or do not, possess type 1 antibody before vaccination, one can 
recognize four grades of reactivity, depending upon the nature of the previous 
immunologic experience. These observations suggest that the different influ- 
ences probably depend upon quantitative factors—i.e., the amount of type 1 
antigen involved in the previous immunologic experience. 

Similar data on the type 2 antibody response, in persons with different pre- 
vious immunologic experiences, are summarized in FIGURE 5. From the degree 
of antibody response to the first dose of vaccine in persons with no prevacci- 
nation antibody to any of the three types, as compared with the response among 
those who had a prior type 1 infection, it is clear that the earlier type 1 expe- 
rience had induced a significant degree of heightened reactivity to the type 2 
component of the vaccine. This suggests that the naturally occurring type 1 
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Frcure 6. Type 3 antibody response to first dose of vaccine in persons with different antibody patterns of 
prevaccination. 


viruses must have possessed some of the antigenic configurations that distin- 
guish the type 2 virus. A comparison with the data in FIGURE 4 suggests that 
a prior type 2 infection may have exerted a somewhat more marked effect on 
type 1 responses as compared with the effect of type 1 infection upon type 2 
vaccine response. In contrast to the absence of any influence of a previous 
type 3 infection upon the subsequent type 1 response (FIGURE 4), there is 
observed in FIGURE 5 a significant influence of the piior type 3 infection on 
type 2 responsiveness. In terms of degree, it would appear that the influence 
of the prior type 3 infection was only slightly less than was the effect of the 
prior type 1 infection. The presence of antibody for both type 1 and type 3 
viruses seems to have caused a heightened reactivity to type 2 equal to, or 
greater than, the effect of either a type 2 or type 3 infection alone. 

Ficurr 6 illustrates the type 3 response and, since the type 3 component of 
the vaccine employed in this particular study was less potent than the types 1 
and 2 components, the height of the primary response reflects this difference. 
The amount of antigen present, however, was still sufficient to induce the sharp 
booster effect in persons who possessed type 3 antibody from a natural infection. 
The absence of any appreciable effect, of a previous type 1 infection, on type 3 
reactivity is clearly evident. A previous type 2 infection, however, did meas- 
urably influence type 3 responsiveness. 

The relationships observed in FIGURES 4, 5, and 6 are summarized in FIGURES 
7and 8. They indicate that there is little sharing of specific antigenic config- 
urations in the constituents of types 1 and 3 virus, but there must be a sub- 
stantial amount of type 1 antigen in the type 2 virus, and a definite, but lesser 
amount, of the type 2 antigen in the type 1 virus. The quantity of type 2 
antigen in the type 3 viruses, and of type 3 antigen in the type 2 viruses, is 
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FicurE 7. Geometric mean of antibody response to first dose of vaccine. 
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Ficure 8. Data derived from vaccination studies. Interpretation suggesting the existence of major and 
minor antigens in strains of naturally occurring poliomyelitis virus. 


similar, but it appears that the amounts are less than the amount of type 1 
antigen present in the type 2 virus. 


The Significance of the Relative Frequency of Paralytic Infections Due to 
the Three Virus Types 


The foregoing observations led to a further inquiry into.the possible role of 
the occult immunologic effects of a prior infection upon the outcome of a sub- 
sequent encounter with a heterotypic poliomyelitis virus under natural cir- 
cumstances. The search for an answer to this question was made through 
analyses of data obtained in the course of other studies. 

The purpose of the other studies to which I refer was to determine the fre- 
quency with which types 1, 2, and 3 infections occur under natural circum- 


Salk: Concept of Immunity Mechanism 1029 


stances, and then to determine the relative frequency with which each virus 
type causes paralysis. The way in which the frequency of infection of each 
virus type was established was by means of antibody studies both in nonpar- 
alyzed and in paralyzed persons. The paralyzed population consisted of 
approximately 560 patients, at the Georgia Warm Springs Foundation. Since 
these patients derived from a wide geographic area and represent paralytic 
experiences over a number of years (1920-1954), an effort was made to include 
in the nonparalyzed population individuals of different ages and from various 
geographic areas, so as to approximate the over-all experience of the paralyzed 
population with respect to exposure to poliomyelitis viruses. 

Another purpose of the studies in paralyzed convalescents was to determine, 
by serologic means, the frequency with which infection with the different types 
had occurred in previous years, to see if some retrospective examination could 
be made of the prevalent immunologic type in different years and in different 
parts of the country. This could be done, of course, if antibody levels tended 
to persist following a paralytic infection, as was found to be the case, and would 
also be possible if a sufficient proportion of individuals among the paralyzed 
group were found who possessed antibody for but a single type. In the group 
of approximately 560 paralyzed patients at the Georgia Warm Springs Foun- 
dation, it was found that almost 50 per cent had antibody for only one virus 
type. There was none who did not possess antibody for at least one type. 
This finding would suggest that paralytic poliomyelitis of such severity as to 
require treatment at the Georgia Warm Springs Foundation has been caused, 
in recent years, by one of the three known types of poliomyelitis virus. This 
is shown in TABLE 1, where a comparison is made, between paralyzed and non- 
paralyzed populations, of the number of persons who possess no antibody for 
any of the three types, those who possess antibody for all three types, and then 
for one type or for a combination of two or three. It is evident from TABLE 1 
that, in the nonparalyzed group, there was a fairly high proportion of persons 
with no antibody to any of the three types whereas, in the paralyzed group, 
there were no such individuals. 

A further comparison of these two populations is made in terms of the fre- 
quency with which antibody for types 1, 2, or 3 poliomyelitis virus alone is 
found among those with antibody for a single type. The results are illustrated 
in FIGURE 9, where it may be seen that, of every 100 nonparalyzed individuals 


TABLE 1 


FREQUENCY OF OCCURRENCE OF Serum ANTIBODY FOR ONE OR More TyPEs 
OF POLIOMYELITIS VIRUS 
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Demonstrable antibody for Bonpee tard aes 
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who possess antibody only for a single type, 42 have type 1 antibody only, 
25 have type 2 antibody only, and 33 have type 3 antibody only. This is in 
striking contrast to the far greater predominance of persons with only type 1 
antibody in the paralyzed group. In the paralyzed group, and among those 
with antibody for one type only, 77 per cent had antibody for type 1, 11 per 
cent for type 2, and 12 per cent for type 3. Thus, it appears that the frequency 
with which antibody for only one of the respective types is found in paralyzed 
persons is about the same as is the frequency with which the respective types 
of virus have been isolated from paralytic cases that have occurred in the past 
several years. The fact that paralysis due to the type 1 virus occurs about 
seven times more frequently than does paralysis due to types 2 or 3 seems to be 
a function not of the frequency of distribution of these viruses in nature, but 
rather of the greater paralytogenic potential of the type 1 virus. It appears, 
too, that there may be a slight difference between types 2 and 3, with the type 
3 virus being more innocuous in this respect. 

Data on the frequency of occurrence of antibody for two virus types, in 
different combinations, among nonparalyzed and paralyzed persons is shown 
in FIGURE 10. It is clear that in both the nonparalyzed and in the paralyzed, 
combinations of types 1 + 3 antibody occurred more frequently than did 
combinations of types 1 + 2 or combinations of types 2 + 3. The combi- 
nation 1 + 3, however, occurred more frequently in the paralyzed group than 
in the nonparalyzed, while the combination 1 + 2 and 2 + 3 occurred less fre- 
quently in the paralyzed than in the nonparalyzed. The greater frequency, 
in the paralyzed group, of individuals who have only type 1 antibody suggests 
that the type 1 virus is most likely to have been the reason for paralysis when 
the first encounter was with this virus. It is conceivable, therefore, that when 
the type 1 virus is one of the two viruses for which antibody was present, it, 
too, was the more likely cause of paralysis. That this is merely a statement 
of probability and not always true is, of course, indicated by the fact that some 
individuals, within the paralyzed population, have type 2 or 3 antibody only, 
or the combination 2 + 3. From these comparisons of the frequency of occur- 
rence of the combinations of antibody for types 1 + 3, 1 + 2, and 2+ 3in 
paralyzed and nonparalyzed individuals, it would seem that a prior type 2 
infection must have a different meaning than does a prior type 3 infection, in 
terms of whether or not paralysis will ensue upon subsequent contact with the 
type 1 virus. From these data, it would appear that the experience of the 
previous type 2 infection reduced the probability that the subsequent type 1 
infection would be a paralyzing experience or, alternatively, that the prior 
type 3 infection did not influence significantly—or if it did so, certainly to a 
much less degree—the probability of paralysis ensuing upon subsequent contact 
with the type 1 virus. ev 

An analysis in further support of this interpretation 1s presented in TABLE 2. 
which shows that the probability of experiencing a nonparaly tic infection due 
to type 1, 2, or 3 virus is essentially the same upon first or second exposure to 
a poliomyelitis virus. This is not the case in paralyzed individuals. 


1032 Annals New York Academy of Sciences 


NONPARALY ZED PARALYZED 
224 (74 
children & adults ipor oo a 
70 
6 
50 
: 40 
9 
a 30 
20 
10 
O 
AO Or l 
FOR’ PE 2 
TYPE3 + 


Ficure 10. Relative frequency of occurrence of combin 


f occu ations of antibody for two types of poliomyelitis 
virus in nonparalyzed and paralyzed individuals. 


A Concept of the Immune Mechanism in Poliomyelitis 


If the observations presented in the two previous sections of this paper are 
linked in a relationship of cause and effect, then these two observations— 
namely (1) the evidence for the sensitizing effect of a prior type 2 infection, 
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TABLE 2 


FREQUENCY OF OCCURRENCE OF SERUM ANTIBODY FOR EACH TYPE OF 
POLIOMYELITIS VIRUS 


Demonstrable Nonparalyzed Paralyzed 
antibody for 
1 2 3 1 2 3 
Mie 310 42% | 25% | 33% | 8% | 10% | 10% 
7 D351 
wo types 40% 27 33 45 15 
n.p.—448 % 7o 7 % 40% 
p.—380 


N.p.—nonparalytic 
p-—paralytic 


as revealed by the response to the type 1 virus in a killed vaccine, and (2) the 
apparent influence of a prior type 2 infection in reducing the probability of the 
occurrence of paralysis upon subsequent contact with a type 1 virus—make it 
appear that the presence of a demonstrable level of circulating antibody for 
the type 1 virus was not necessarily required for the prevention of paralysis. 
It would appear that paralysis may have been prevented because of the exist- 
ence of a hyperreactive immunologic mechanism engendered by the type 1 
antigen present in the type 2 virus that had caused the first infection. If this 
be so, then it would appear that the prerequisite for persistence of immunity 
may not necessarily be the continued presence of antibody in the blood stream 
but rather a persistence of the state of immunologic hyperreactivity. 

The observations presented bear not only on the practical problem of im- 
munization of man against this disease but on many aspects of the theoretical 
question of the dynamics of the immune process. If we understood fully the 
dynamics of immunity in this disease then, theoretically, we could, by artificial 
means, reproduce the sequence of events that will lead to the immune state. 

Many assumptions have been made in support of the selection of one ap- 
proach or another to the solution of the practical problem. Those who think 
that only a live-virus vaccine will produce the necessary changes required for 
lifelong immunity must believe that the infectious process contributes some- 
thing that cannot be conferred by any other form of antigenic stimulation. 
Then there are those who, whether they think that a live- or a killed-virus 
vaccine is necessary, are of the opinion that the actual presence of antibody in 
the circulating blood provides the sine qua non for effective immunity. It 
would follow that the required level of antibody in the blood would depend 
upon whether pathogenesis is via the blood stream or along nerve pathways. 
If the latter, then a higher level of antibody would be required than if the virus 
is always transmitted to the central nervous system (CNS) via the blood 
stream. But then, the possibility must be considered that the blocking effect 
against virus invasion of the CNS could conceivably take place before entrance 
of virus into the blood stream, and that this could be effected by a hyperreac- 
tive immunologic state which would be triggered by virus as it multiplies at 
the primary site of infection and, thereby, result in the prompt production of 
immune substances. If the hyperreactive state is adequate to produce a 
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Ficure 11. Concept of the influence of previous immunologic experience in the prevention of paralysis. 


sufficient concentration of specific antibody, and if this effect would occur prior 
to the end of the multiplication period when the virus might normally enter 
the blood stream, then one can visualize a situation in which a state of immu- 
nity would exist even though there is no demonstrable antibody in the circu- 
lating blood at the time of virus exposure (FIGURE 11). Such immunity, how- 
ever, would be dependent upon the capacity of the organism to respond to 
infection with the immediate production of antibody, sufficient either to pre- 
vent further multiplication, or to reduce the length of the period of active in- 
fection. The quantitative relationship between the rate of virus multiplication 
and the rate of antibody formation would determine the extent to which this 
barrier was effective. A highly reactive immune mechanism might be able to 
block the most actively multiplying virus, whereas a less reactive immune 
mechanism could conceivably be ineffective. Therefore, we must consider the 
quantitative concept of level of antibody required to prevent central nervous 
system invasion, and the quantlitative concept as applied to measurements of 
degree of sensitization that would be required for immunity to be effective 
even in the absence of a measurable amount of circulating antibody. 

The data presented suggest that a naturally acquired type 2 infection sensi- 
tizes the immune mechanism to a subsequent contact with a type 1 virus. It 
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TABLE 3 
¥ SEROLOGIC RESPONSE TO NATURAL INFECTION IN VACCINATED CHILDREN 
Pr inati 10 D 3r 5 s 
‘May 4, 1954 ate og 1 ese 
Subject No. Age ch 
Type 1 Type 2 Type 3 
May | June Nov. | May June Nov. May June Novy. 
C-7930 5 0 16 8 0 128 8192+ 0 32 4 
C-7948 7 0 16 16 (@) 128 8192+ 0 | 1024 128 
C-8033 12 0 16 8 0 8 8192+ 0 128 32 
C-7983 8 0 4 1024 | 0 4 32 0 128 32 
GC-1957 6 0 BA 2048 0 32 128 256 | 8192+ | 8192+ 


iM; Vaccinated on May 4, 1954; blood tested 10 days after third dose, June 18, and five months later, November 


TABLE 4 


Two-YEaR Fottow-Up in First Group or SuByects IN WHOM VACCINATION 
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*2 Doses I.D. of 0.1 ml. each 6 weeks apart monovalent MEF1 1:250 HCO—1° C. 
+1 Dose I.M. of 1 ml. trivalent vaccine. 
t Not tested. 


would follow from this that the amount of type 1 antigen required to produce 
the sensitizing effect must be very small indeed. Since a measurable amount 
of type 1 antibody either does not develop, or does not persist for any length 
of time after a type 2 infection, it would follow that the resistance to the de- 
velopment of type 1 paralysis, which is engendered by the prior type 2 infection, 
is mediated by some means other than type 1 antibody present in the circu- 
lating blood at the time of exposure to the type 1 virus. On the assumption 
that antibody is the agent that effects immunity, this must mean, then, that 
type 1 antibody is produced sufficiently rapidly after exposure, and in sufficient 
concentration, to exert a blocking effect upon virus produced at the primary 


site of infection. 
According to this concept, a critical index of immunity would be provided by 
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a test for the presence of the hyperreactive state rather than by a test that 
would determine the presence or absence of antibody in the serum. Even if 
an individual does not possess circulating antibody, he might well be immune 
if he does possess a hyperreactive immune mechanism. Therefore, an indicator 
of the degree of duration of persistence of immunity following vaccination would 
be provided by testing for the degree of hyperreactivity at intervals after 
vaccination. If the hyperreactive state persists either for long periods, or 
throughout life, then it is conceivable that immunity to the development of 
paralytic poliomyelitis would persist similarly (TABLES 3 and 4). 

Although the presence of unequivocal concentrations of antibody in the 
circulating blood is a good indicator of the existence of a hyperreactive immuno- 
logic state (TABLE 4), it is suggested that the hyperreactive mechanism, even 
in the absence of demonstrable circulating antibody, is the minimum require- 
ment for effective immunity. For this reason, tests are being devised to meas- 
ure degree of immunologic hyperreactivity. Such a test could be based upon 
the booster phenomenon, since the persistence of the hyperreactive state is 
reflected in the booster response. Thus, the booster phenomenon would be 
useful not only to reinforce the level of circulating antibody, but as a test that 
would reflect the degree of persistence of immunologic hyperreactivity. 


Discussion of the Paper 


Docror ALBERT MiLzeR (Department of Microbiology, Michael Reese Hos- 
pital, Chicago, Iil.): Doctor Salk’s results parallel those which we have obtained 
with a noninfectious vaccine similar to his but inactivated by ultraviolet irra- 
diation' instead of formalin. I have been asked to present recent results 
obtained by our group* in the immunization of children in Morgan County, 
Illinois, with an aqueous trivalent tissue culture poliomyelitis vaccine inac- 
tivated by ultraviolet irradiation. The vaccine used in these studies was 
prepared as described previously,! but no preservative was added because we 
found that the irradiated vaccine containing no preservative still showed anti- 
genicity in animal potency tests after six months’ storage in the refrigerator. 
The strains of virus selected to represent the three types of poliomyelitis were 
the same as those used previously, except that the Brunhilde strain was sub- 
stituted for the Mahoney strain for type 1. The MEF; strain was used for 
type 2, and the Saukett strain for type 3. 

One hundred and twenty normal children ranging in age from two to seven 
years were given three injections of the irradiated vaccine during the late 
winter and spring of 1954. All of the children were bled prior to inoculation 
and received two injections intramuscularly one week apart. The third inocu- 
lation was given three to four weeks after the second. All the children were 
bled two weeks after the third inoculation. Antibody titrations were carried 
out in roller-tube cultures of trypsinated monkey kidney tissue cells. Since 
we were interested in determining whether primary immunization could be 
stimulated by the irradiated vaccine, all prevaccination serum antibody titra- 


* Including the late Doctor S. O. Levinson of the Michael Reese Research Foundation, Chicago, Ill.: D 
H. J. Shaughnessy, Doctor Ruth Church, and Doctor Leonard Schuman of the Illinois ‘Departncad of Public 
Pras Doctor A. M. Wolf, Doctor F. Oppenheimer, and Martha Janota of the Michael Reese Research Foun- 
ation. 
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Ficure 1. Antibody response to three types of poliomyelitis virus in 41 children with no detectable polio 
antibody prior to vaccination with aqueous poliomyelitis trivalent tissue culture irradiated vaccine. 


tion were carried out initially with 10 IDso of each of the 3 virus type compo- 
nents in neutralization tests with undiluted serum (1/1), including serial twofold 
dilutions starting with 1/4. It was found that 41 children had no detectable 
antibodies (<1/1) to 10 IDs» of the three virus types. Results obtained are 
shown in FIGURE 1. Thirty-eight or 92 per cent developed a postvaccination 
antibody titer of 1/4 or greater to type 1 virus; 41 or 100 per cent to type 2 
virus, and 13 or 31 per cent to type 3 virus. The majority of the remaining 79 
children who had a prevaccination serum titer of 1/1 or greater to 10 IDs0 
to one or more of the 3 virus type components subsequently developed a signifi- 
cant (fourfold or greater) antibody response in their postvaccination serums 
to 100 IDso of the 3 virus types. 

No significant local or generalized reactions were encountered in the 120 
children vaccinated with the irradiated vaccine. Urinalysis of all of the chil- 
dren was normal when tested at the time of the last blood specimen. Further- 
more, we were unable to detect Rh or Hr antibodies or sensitization in 32 Rh 
negative children in our series of immunized children. 

We have found a correlation between antibody response to the irradiated 
vaccine in man, the mouse,” the monkey, and the rabbit.* More recently, we 
have prepared an improved irradiated vaccine from tissue culture virus sus- 
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pensions with IDs5o titers of 10-7 to 10-* compared to earlier relatively low 
titered preparations and have also made modifications in the technique of in- 
activation. These improvements in vaccine preparation are reflected in su- 
perior antibody responses that have been obtained recently in both immunized 
mice and monkeys. 
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IMMUNIZATION OF MAN AGAINST POLIOMYELITIS WITH 
ATTENUATED PREPARATIONS OF LIVING VIRUS 


By Hilary Koprowski 
Viral and Rickettsial Section, Lederle Laboratories Division, American Cyanamid Company, 
Pearl River, N.Y. : 


There could hardly be a more opportune time for retrospective analysis of 
live virus immunization against poliomyelitis. This is the fifth anniversary of 
the day when—after painstaking soul searching—a decision was reached to 
administer the TN strain of poliomyelitis in live form to anonimmune individual. 
This first recipient, who ingested log of 5.8 PDs5o of the virus in the form of 
cotton rat CNS, developed intestinal carriage, followed by the appearance of 
homologous antibodies.!_ This response, occurring in the absence of any signs 
or symptoms of illness, spurred a collective effort to continue the study—an 
endeavor considered, at that time, not only perilous for the subjects of the trial 
but also as sinful on the part of the investigators, who risked misunderstanding 
and even downright mistrust by laymen and scientists alike. Five years have 
not yet changed the Age of Doubt into the Age of Faith, but the administration 
of live poliomyelitis virus to human subjects is now considered only a minor 
sin, and anyone professing a milder view may even grant those committing such 
sin an escape from eternal damnation—though thinking, like Josh Billings, 
“Give the devil his due, but be very careful that there ain’t much due him.” 

The present paper is divided into three parts: one summarizes the results of 
clinical trials with particular emphasis on a comparison of data obtained in the 
oral administration of types 1 and 2; in the second part, the interference phe- 
nomenon between types 1 and 2 in the human alimentary tract will be described, 
and the rest of the paper deals with speculations concerning criteria of attenua- 
tion. 


Summary of the Trials 


In the course of the five years, 87 individuals who had no antibodies against 
type 2 virus ingested the TN strain." ” Fifteen subjects, again antibody-free, 
received type 1 virus, SM strain,’ relatively recently. The TN strain was 
administered in the form of CNS suspension of either cotton rat or mouse origin; 
the SM strain inoculum consisted, in most cases, of a chick embryo tissue 
culture suspension. Eight of the subjects received gamma globulin before 
virus administration. 

The virus concentration of the inocula was similar for both strains, yet the 
ratio of virus carriers was entirely different. As shown in TABLE 1, only 54 fer 
cent of the individuals who ingested type 2 virus excreted the agent in their 
stools. In marked contrast, as will be shown later, all subjects who received 
type 1 virus became intestinal carriers, excreting virus almost every single day 
after administration for a long period of time (see below). Type 2 virus was 
isolated less frequently, and disappeared from the intestinal tract 23 days, at 
the latest, after consumption. With a single exception, every individual who 
was fed either type of virus developed homologous antibody. 

1039 


1040 Annals New York Academy of Sciences 


TABLE 1 
RELATION BETWEEN TYPE OF VIRUS INGESTED, CARRIER STATE AND ANTIBODY RESPONSE 
IN MAN 
Inoculum Last day after i a 
onto fant . feeding of virus Ratio of positive 
' PD Ratio of virus carriers isolation from antibody reactors 
Type Ranee he 50 stool 
2 3.1-5.8 47/87* 23 86/877 
1 3.2-5.5 15/15* 70 15/15 


* Complete absence of clinical signs attributable to ingestion of virus. ; : 
+ Eight individuals in one trial developed homologous antibodies upon second feeding of virus. 


TABLE 2 


RELATION BETWEEN INFEcTIOUS DosE FED AND INCIDENCE OF INTESTINAL CARRIAGE IN 
INDIVIDUALS WHO RECEIVED THE TN STRAIN OF POLIOMYELITIS VIRUS 


No. of individuals from whose feces 
Mouse* PDs5o of Number of _Ratio of Mees bey pesarenee = ate 
Pool No. dose fed Individuals | intestinal 
1 2 5} 4 5 
16 5.8 6 6/6 y 3 1 
1j 1/1 1 
5.3 1 1/1 1 
4.8 1 0/1 
19 Sie) 1 0/1 
24 Shoe) 1 1/1 1 
5.0 8 4/8 DH be 1 
21 S20 2 0/2 
23 3.1 5 3/5 2 et 
1+ iA 1 
31 4.4 53 26/53 14 5 4 2 1 
EC 


+ Type 2 antibodies present before feeding of virus. 


The association between the infectious dose of type 2 virus and the frequency 
of its intestinal isolation was also studied. An over-all analysis of the data 
presented in TABLE 2 indicates that the isolation of virus on one occasion only 
from a given subject was the most common situation. Although it may be 
claimed that larger concentrations of virus in the inoculum—as, for instance, 
log of 5.8 PDsgo in the first trial—gave rise to a more prolonged carrier stage, 
and a smaller dose—log 3.6 PD5o.—seemingly failed to induce excretion of the 
agent, the number of subjects was too small and the variations in the above 
pattern were too frequent to permit definite conclusions. It is certain, how- 
ever, that type 2 virus is not one to lurk a long time in the human alimentary 
tract. The contrast with type 1 is only too obvious, when one examines the 
data presented in TABLE 3. Here, it can be clearly seen that the virus, after 
lodging itself somewhere in the alimentary mucosa, underwent cyclical multi- 
plication without any apparent interruption as judged by the constant presence 
of the agent in stools. The highest concentration of fecal virus was observed 
during the first 14 days after feeding. Slightly lesser amounts were isolated 
subsequently and, only 35 to 40 days after the virus had been ingested, stool 
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TABLE 3 


CONCENTRATION OF Type 1 Vrrus (SM Srrarn) In Feces oF Two INDIVIDUALS 


Individual No. Stools pooled Saya A aE ingestion of TDso0* of stool suspension 
1 1,3 XD 
4,6,7 RD) 
9,11 3.2 
13, 14 Da 
ley, 2.5 
23, 24 1.6 
il © 
34, 35, 37 <1.07 
43 <1.07 
45, 47, 49 << 
Sil, 5A, Se <ain Oi 
Se oly we) 1.0 or more 
62, 63, 64, 66 <1.0 Negativet 
67, 69, 70 <1.0 Negativet 
72, 74 <1.0 Negativet 
2 il} 3.9 
AR oeOnl, 2.9 
8,9, 11 4.0 
12, 13, 14 7) 
TSO A 25) 
D520; 21529 <i sO} 
30, 33, 34, 35, 37 NAOH, 
42, 43, 44 <<) 
45, 46, 47, 48, 49 <1.07 
51, 52, 54 1.0 or more 
50, My Sth OY 1.0 or more 
62, 63, 64, 65 <1.0 Negativet 
66, 67, 68, 69, 70 1.0 or more 
72, 73, 74 <1.0 Negativet 
76, 77, 78, 80, 82 <1.0 Negativet 


tissue cultures. 


* Fifty per cent end point in tissue culture (monkey kidney). 


; Positive on blind passage. 
t Negative on blind passage. 


suspensions failed, on direct inoculation, to ca 
Blind passages, 


The other individual was fo 


however, resul 


use cytopathogenic effect in 
ted in the recovery of virus, 
which finally seemed to disappear on the 62-to-66th day of the trial in one case. 
und still to excrete the virus on the 70th day after 


its administration. 

It is difficult to predict whether the differences in the behavior of type 1 and 
type 2 viruses represented inherent characteristics of the two agents. Perhaps 
the fact that the SM strain, even in low concentration, was cytopathogenic for 
monkey kidney and, eo ipso, for human tissue,’ whereas the TN virus was de- 
void of this property altogether, may have some bearing upon their fate in the 
human host. This problem will be discussed later. 

The presence of virus in the blood following ingestion has been studied ex- 
haustively in the case of the type 2 strain2 Sixty-one individuals were em- 
ployed as test subjects and their sera examined for the first 12 days after the 
administration of virus. As seen from TABLE 4, although 30 subsequently 
became intestinal carriers and all reacted with antibody formation, no virus 
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TABLE 4 
ABSENCE OF VIREMIA ABTER ORAL ADMINISTRATION OF POLIOMYELITIS VIRUS 


Number of positive 


schedule af blood blood isolations 


Type of virus collections* Ratio of intestinal carriers 


administered 


2 [ 1-12 30/61 0/61 
1 1-8 3/3 0/3 


* Days after administration of virus. 


was isolated from their blood. Blood samples were also drawn from three 
individuals who became carriers after the ingestion of type 1 virus.* None had 
viremia. 

An attempt was made to evaluate the influence of passive immunity upon the 
carrier state and antibody response following the feeding of virus. Eight indi- 
viduals received immune serum globulin of human origin. Immediately there- 
after, TN virus was fed to two of them, and mixtures of type 1 and type 2 to 
the other six. The administration of immune serum globulin did not prevent 
the development of active immunity against type 1 virus, and seemingly failed 
to interfere with the infection of the alimentary mucosa, as evidenced by the 
ratio of individuals who became carriers of the virus. The results were less 
conclusive in relation to type 2 virus, and the problem will undergo further 
clinical scrutiny. The presence of passive immunity of congenital origin failed 
in two cases to interfere with the establishment of intestinal carriage, and even 
may have enhanced the active response to the virus, as indicated by the un- 
usually high rise in antibody titer. 

The pathogenicity of the virus for monkeys after its passage through the 
human alimentary tract was studied in several instances. TABLE 5 summarizes 
the data obtained in one experiment. The material that provided the inoculum 
fed to two human subjects was titrated intracerebrally and intraspinally in 
cynomolgus monkeys. No paralysis was evidenced by animals that received 
virus intracerebrally but, among the monkeys injected intraspinally, 3 of the 10 
that received the lowest two dilutions displayed some paralysis. Passage of 
the virus through the intestinal tracts of two human subjects failed to increase 
the virulence of the virus. All monkeys into which injections were made 


TABLE 5 


PATHOGENICITY FOR CYNOMOLGUS MONKEys or Type 1 Virus AFTER PAssAGE THROUGH 
HumAN INTESTINAL TRACT 


Paralytic ratio of monkeys at 
Material TDs50/ml. or gm. Route meepe 
10° 1071 | 1072 107%} 10% 
Inoculum 7.0 i 0/4 | 0/4 | 0/4 | 0/4 | 0/4 
Bet, 2f9 \ V5 \0/3 Ore: 
Human stool (A) 555) L.C. : ye We Ni 
lige). 0/4 | 0/4 | 0/4 | 0/4 
(B) 6.0 Se 0/4 | 0/4 | 0/4 


A and B signify two different subjects, who received the same inoculum. 
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TABLE 6 
PERSISTENCE OF HOMOLOGOUS ANTIBODIES AFTER ORAL ADMINISTRATION OF TYPE 2 VrRUS 


ta Minimum neutralizing titer of serum} obtained months after oral administration of virus 
No.* 
2 3 9 12 41 47 48 50 

2 2205 

3 2.10 2.95 aa 

9 2.95 hes 
16 2.95 2.65 
17 2299 >3.40 


* The past history of each individual was described in a previous publication.1 
+ pH color change test; titers of antibody expressed in negative logs to the base of 10. 


directly into the spinal cord with the two stool suspensions remained symptom- 
free during a 30-day observation period. These results were obtained with an 
inoculum containing one log less virus concentration (as measured by the TD50 
per gm. of stool) than in the original material used for feeding purposes. It is 
doubtful if this lack of virulence could be attributed solely to the lesser amount 
of virus. Further experiments, however, have to be made in a larger number 
of experimental animals. 

The summary of the clinical trials could not be closed without the mention of 
the most important aspect of the study: the persistence of immunity. It has 
been noted previously® that type 2 antibodies persisted at the same level in the 
blood of 14 children for three years after original ingestion of the virus. Sera 
of five of the subjects have now been examined four years after virus adminis- 
tration (TABLE 6). In the case of only one individual, No. 9, was a decrease in 
antibody content noted, and that was slight. In the other four, the antibody 
level remained the same (within the limits of experimental error). 


Interference Between Type 1 and Type 2 Viruses in the 
Human Alimentary Tract 


Reciprocal interference between types of poliomyelitis virus has been ob- 
served in tissue culture.®:7°8 It was not expected that interference would take 
place in such spacious grounds for virus multiplication as the human alimentary 
tract. As seen in TABLE 7, the first individual who received equal amounts, in 
terms of infectious doses, of the SM (type 1) and the TN (type 2) strains orally, 
was found to excrete type 1 virus only, and developed antibodies solely against 
type 1. In the next series, two individuals were fed simultaneously the two 
viruses in the ratio of 9:1 in favor of type 2. Both subjects became carriers of 
type 1 virus, and both developed antibodies only against type 1. The dose of 
type 2 virus was subsequently increased to an amount 20-fold greater than that 
of type 1. The results, however, were no more encouraging than in the two 
previous cases. When the ratio of type 2 to type 1 virus in the inoculum was 
changed to 100:1, interference by type 1 virus was surmounted. The subject 
in this case became a dual virus carrier and developed antibodies against both 
viruses. In the next trial, six individuals ingested a mixture of the two virus 
types, with type 2 present in an overwhelmingly larger amount. Four of the 
six subjects developed antibodies against both types, two reacted only against 
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TABLE 7 
INTERFERENCE BETWEEN TYPE 1 AND TYPE 2 VirusES IN HUMAN INTESTINAL TRACT 


P Intestinal carriage Antibody response 
J 
; i y i No. of individuals 
] ene Ratio ae eee fed type 0. 0 rma - rs Type of : oe 4 nee i. 
individuals pecreted individuals virus 
AAs 1 1 1 1 1 
1:9 (4.8) Z Z, 1 2 ; 
fel 1:20 (4.7) 
1:100 (3.7) 
1 1 2 1 A 
1:1000 (3.2) 6 1 1 
hee Zai(41) 1 0 = 1 2 


* Virus administered, expressed as logs of TDso or PDso . 


the type 1 strain. The TN subline fed to these individuals, however, differed 
from that used in the original feeding experiment (see below). It should also 
be pointed out that these six subjects, in contrast to the others who received 
dual feedings, were given an injection of gamma globulin simultaneously with 
the administration of virus. This apparently had no untoward effect upon the 
development of immunity to type 1 virus. Conversely, however, this pro- 
cedure may have had some inhibiting action against the development of im- 
munity to type 2. This purely speculative hypothesis will be investigated. 
More detailed data on the same subjects are presented in TABLE 8. Three 
control subjects (L, M, and N) received one type only, and all developed anti- 
bodies against the homologous virus, although type 2 virus was not recovered 
from the feces of subject L. Detection of this particular strain of type 2 virus 


_ in the excreta, however, may be a difficult task. The same strain (and type 1 


virus) was fed to subjects F, G, H, I, J, and K; four of whom developed anti- 
bodies against type 2 (and type 1), yet no type 2 virus was recovered from stools 
collected and processed daily for 70 consecutive days. In contrast, subject E, 
who ingested another subline of the TN strain, became an intestinal carrier of 
type 2 and type 1, and developed antibodies against both. 

In individuals A, B, C, D, J, and K, interference between type 1 and type 2 
took place. None became carriers of type 2, and they developed antibodies 
only against type 1. It is interesting to note that, contrary to the observations 
of others,’ not even transitory type 2 neutralizing antibodies were observed in 
these six individuals who developed antibodies against type 1. 

In an attempt to explain the interference phenomenon, one has to enter the 
realm of speculation. A possibility that cannot be overlooked is that the actual 
locus of multiplication of the virus is restricted to a very limited number of cells 
of one particular part of the alimentary mucosa. Once occupied by the faster 
multiplying virus (type 1), these cells, numerically small, do not support the 
growth of type 2 virus. It is difficult to believe that interference would take 
place if the entire population of cells of the alimentary mucosa were uniformly 
susceptible to the growth of poliomyelitis virus. Judging by the length of the 
intestinal tract, there should be enough cellular elements to support the growth 
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TABLE 8 
INTERFERENCE BETWEEN Type 1 AND TypE 2 Virus IN HuMAN InTeEsTINAL TRACT 
Excretion of virus Antibody response 
Ratio between | y, aiyi_ 
eae pe dualiaStooletcollected = Days |Type Titers* days after viral feeding 
(ae aires ae a after of 
eeding) feeding |virus 7 15 1 30 
Hes (4.7) ¢ A 2,3, 4, 8, 9, 1 2-30 1 ino NT Pye 1.9 
(41+ 12); 2 0 NT 0 0) 
17, 19, 24, 
30, 44 
1:9 (4.8) BPG, 5,6) 875° 1 B17 atc iho A6tle 2 eed 
14, 21, 51 2 0 0 0 0 
Cc (5 hy WOM a) u 3-19 1 0 Sl || so 125 
2 0 0 0 0 
1:20 (4.7) D 3, 4, 9, 10 1 3-10 1 0.3 NT 15) 1.6 
2 0 0 0) Trace 
evr) | E 3, 11s17,37 | 1 13;1T Ti apt a je os EC ah os es 
2 eal bee 92 0 0.9 | 1.8 1.8 
1:1000 (3.2) F 1-74 1 1-59 1 1.0 IO he) 1.3 
, 120) NO allele 1.6 
G 1-74 il 1-58 1 0.7 She iS Be 
2 ORT SIO es) Po) 
H 1-53 iV 1-51 1 0.7 Ae Ha ce} 1.6 
2 1.0 bee) ale 1.6 
I 1-82 jee 1-71 PP H.3 hae ke Sel, whew 
2 0.9 0.9 | 0.9 TES 
J 1-82 1 1-70 1 1.0 ss) |) des 1.6 
2 0 0 0) 0 
K 1-73 1 1-49 1 ha) WE Atay 4) lll (0) 1.9 
2 0 0 0 0 
~— (4.1) L 3, 5, (8, 9) | None eal OL Oe NCU elle oraeasl Semas 
14, 21 . 
(4.0) — M 4,9; 11, 13, 1 4-34 1 NT 6) y| Aa! i 
(16, 17), 
20, 21, 39, 
(38, 40) 
(53) = A Be 7 3, 28,40 a £24661 10 O16 Wetaser ates 
46, 70 


* Expressed as log to the base of 10. 

+ Amount fed expressed as log of TDso or PDso . 
(_) Signifies pooled stool specimens. 

NT Not tested. 


of more than one type of virus, unless there is a tremendous difference in the 
rate of multiplication of the two virus strains This is hardly the case, as 
judged by the same time of appearance of antibodies against either of the strains 
after alimentary infection (see TABLE 8). Emphasis should also be placed on 
the difference in cytopathogenic properties for monkey renal epithelium of the 
two types of virus. The markedly cytopathogenic type 1 always gains the 
upper hand over the noncytopathogenic type 2. 

It should be repeated that all these potential explanations are wholly specu- 
lative at present. A study is now under way of strains of virus isolated from 
the feces of individuals who ingested both types. These strains, which have 
been classified serologically as type 1, seem to possess otherwise rather unusual 
properties, and an attempt will be made to separate them into the purest pos- 


~ 3 
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sible clones, which will then be individually investigated. Delayed adminis- 
tration of type 1 virus in relation to type 2 will also be studied in another trial. 
This procedure, theoretically at least, should make it possible to overcome the 
interference phenomenon at will, unless it should cause type 2 virus to interfere 
with type 1. The presence of viruses in the mucosa of the pharynx will also be 
examined in order to determine whether this region is a possible locus of viral 
multiplication.” Finally, it would be of interest to find out if interference can 
be reproduced in the human alimentary tract between two strains of virus which 
are both either noncytopathogenic or cytopathogenic for human tissue grown 
in culture. Anyone exploring questions like these should be allowed loopholes 
and exceptions because of the obvious difficulty of the problems involved. 


Criteria of Attenuation 


The author comes now to the most hypothetical and least dogmatic part of 
his remarks: the discussion of criteria of attenuation, or, in other words, what 
makes a virus acceptable as a living vaccine? The next two tables summarize 
his views. 

TABLE 9 deals with properties of the virus relative to the host species con- 
cerned. Characteristics of the virus have purposely been chosen that can be 
evaluated in the average poliomyelitis research laboratory, and consideration 
is restricted to strains administered by the oral route. This has meant the 
elimination of, among others, such important but highly impractical procedures 
as tests for virulence in chimpanzees. It is obvious that, in approaching such 
tasks, each scientist will choose different ways of rationalization, which will be 
subjective rather than a guarantee of objective verisimilitude. For instance, 
it is the author’s belief that the pathogenicity of a given strain for rodents is im- 
material as a criterion of attenuation. It would be preferable to use a strain 
which has been propagated in mice and not in cotton rats since, as was men- 
tioned yesterday, particles virulant for monkeys seem to thrive particularly 
well in cotton rat CNS. 

In the author’s opinion, a virus, to be considered acceptable for human vac- 


TABLE 9 


ACCEPTABILITY OF ATTENUATED POLIOMYELITIS VIRUS TO BE UsED As LIVING Virus 
VACCINE—RATING ACCORDING TO PROPERTIES OF THE VIRUS 


(Personal Credo of the Author) 


; j Properties of the virus that make it: 
Animal host, tissue culture, etc., or 
characteristics 


Acceptable Nonacceptable 
Rodent CNS:5..27)..... sees: Pathogenicity immaterial 
Cynomolgus CNS: 
Brainy ye crcrcery-y = sis, > eevee Nonpathogenic Pathogenic 
CORGN, 5 OF neta <...:/... Teens Nonpathogenic Pathogenic 


Tissue culture: 
Monkey epithelial or fibroblast.|__ Preferably noncytopathogenic Cytopathogenic 
Human epithelial............. Preferably noncytopathogenic Cytopathogenic 

Genetic stability of the virus..... Pure* clone desirable Mixed population 


* No change in the population after passage through human intestinal tract. 


Koprowski: Immunization of Man 1047 


cination, should be completely nonpathogenic for cynomolgus monkeys when 
injected intramuscularly, or intracerebrally or when ingested. It is difficult to 
measure the pathogenicity of a virus inoculated directly into the spinal cord, 
since nonspecific factors may give rise to signs not pathognomonic for poliomye- 
litis infection. 

The demand that the vaccine virus be devoid of cytopathogenic properties 
for tissue cultures will evoke a storm of protests, since many investigators will 
argue that they possess attenuated strains for monkeys that are highly cyto- 
pathogenic in tissue culture. Again, the author’s personal belief is that, if it is 
possible to find such an agent, an immunizing virus for human ingestion should 
preferably be of a type that does not destroy human cells outside the body, 
regardless of whether or not the cells are of nervous tissue origin. In addition, 
as far as alimentary infection goes, it has been the authors’ experience that 
strains noncytopathogenic for either monkey or human tissue and avirulent for 
monkeys are less likely to be found in human stools, and probably can never 
become contagious after human passage. 

The characteristic of homogeneity of the viral population is perhaps the most 
important one. Dulbecco’s method" enables one now to determine, in a more 
or less precise way, the purity of a strain. It is possible to adopt, in continua- 
tion of the present daydreaming, the criteria of purity developed by Burnet” 
for the influenza viruses. In poliomyelitis, this would involve titration of the 
virus on plates, and isolation of plaques from the highest (limited) dilution. 
Two successive L.D. titrations should result in virus populations showing 
fairly uniform characters. Strains noncytopathogenic for monkey kidney may 
become pathogenic for tissues of other origins, or will have to be tested for 
homogeneity in a much less exact way in animals. 

Again, it should be emphasized that the adoption for human vaccination of 
a strain with one property or another has be be dictated more by the conscience 
of the individual investigator and his ‘“‘potential’’ experience than by his actual 
experience. 

The acceptability of attenuated strains, according to the reaction of the 
human host, is summarized in TABLE 10. Under no condition can a virus caus- 
ing either clinical signs or viremia be used for vaccination purposes. It is rela- 
tively easy to agree on this point, since the incidence of viremia 1s apparently 


TaBLe 10 


ACCEPTABILITY OF ATTENUATED POLIOMYELITIS VIRUS TO BE Usep As Livinc VirUS 
VaccINE—RATING ACCORDING TO REACTION OF THE Human Host 


(Personal Credo of the Author) 


Acceptance as a vaccine 
Sign or symptom 
Ideal Passable Nonacceptable 

ae bsent Present 

CAST ONS eo gs ei hee. oui. re Absent A 
ea noi ea ae Absent Absent Present 
Fecal excretion of virus..........- Absent Occasional* Frequent 
Antibody response.........------ Good Good Occasional 


at 


* Depending on whether or not excreted virus is contagious. 
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high in naturally occurring infections in individuals who show no antibodies.” 
For instance, failure to recover TN virus from the blood streams of the 61 re- 
cipients mentioned before (TABLE 4) indicates the general inability of this par- 
ticular strain to cause viremia and, eo ipso, paralysis—if you believe in the 
recently proposed concept of pathogenesis.'* An ideal vaccine virus should not 
be found in fecal excretion. But it may be difficult to find three strains repre- 
senting all types which will cause infection of the alimentary mucosa, followed 
by antibody response, but which, at the same time, either become destroyed 
before excretion or cannot be demonstrated in the excreta. If, then, the virus 
is excreted by the human subject, it should remain noncontagious, either be- 
cause of its inherent properties or because of very low concentration in the fecal 
material. Otherwise, the excreted virus would have to be studied anew for its 
pathogenic properties, and these investigations repeated after “natural” or 
artificial transfers through one, two, or three human passages. Even then, the 
beloved argument of the opponents of live virus vaccination in general will be 
repeated, “How do we know that the virus will not ‘revert’ to its virulent form 
after 10 or 20 serial passages in the human host?” It would be rather comfort- 
ing if one could say in reply that, like the 17D strain of yellow fever, this par- 
ticular strain of poliomyelitis was found to be noncontagious within the limits 
of the investigation. 

The importance of antibody response is obvious to everybody, and is proba- 
bly the only characteristic beside lack of clinical signs acceptable to one and all. 

These criteria for attenuation are not presented in a dogmatic fashion, but 
only as a basis for discussion. One should always be reminded of a statement 
of Bertrand Russell that ‘“‘man is a credulous animal, and must believe some- 
thing; in the absence of good grounds for belief, he will be satisfied with bad 
ones.”’ 

Now, a few words about future steps in live virus immunization. Most of 
the work, so far, was accomplished in homes for the mentally defective. Other 
investigators are performing similar work among volunteers in prisons. If the 
research work continues at the present pace and remains limited to these popu- 
lation groups, then—giving a hint to Doctor Wilson—by 1984 the inmates of 
asylums and of prisons in the United States will become the only two groups of 
society permanenily immunized against poliomyelitis. Paradoxically speaking, 
a man who may have had the misfortune to be sentenced for life will be given 
the great chance of being protected forever against poliomyelitis. 

In the author’s opinion, it is time now to attempt “breaking through the fear 
barrier” and to apply live virus immunization to the normal population. In 
such trials, one should resist the sheer pressure of numbers, which goes along 
with a deplorable shrinkage of qualified observations, and resort to a limited 
field trial under careful long-term surveillance. If the trial is restricted to a 
nonimmune population, 7.e., preferably infants, its evaluation will be easier, and 
data accumulated will be of a more convincing nature. 

Strains fulfilling some of the above criteria of attenuation are now available 
for such a trial, but their choice should be made neither by an individual nor by 
any one organization but by a committee acting both in the interests of the 
advancement of science and the protection of the public. 
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If certain scientists are still haunted by the specter of live virus vaccines, they 


had better adopt, toward this new era of immunization, an attitude similar to 


that of Horatio announcing the appearance of Hamlet’s father’s ghost: “Look, 
my lord! it comes.”’ 
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IMMUNIZATION OF CHIMPANZEES AND HUMAN BEINGS WITH 
AVIRULENT STRAINS OF POLIOMYELITIS VIRUS* 


By Albert B. Sabin 


Children’s Hospital Research Foundation, University of Cincinnati College of Medicine, 
Cincinnati, Ohio 


Infective poliomyelitis viruses that are to be considered as candidates for 
human immunization must be avirulent in the sense that they are harmless 
for human lower motor neurons and, of course, also in other respects. Since 
chimpanzees are most closely related to human beings, there is reason to believe 
that viruses that are harmless after inoculation into the gray matter of the 
spinal cord of chimpanzees may also be harmless for human lower motor neu- 
rons. In the preceding communication,! I described the properties of strains 
of the three types of poliomyelitis virus that are avirulent by spinal inoculation 
in chimpanzees. Now I should like to present data on the behavior of such 
strains after oral and intramuscular administration in chimpanzees, as well as 
on some preliminary tests in human volunteers. 

TaBLeE 1 presents data that indicate that poliomyelitis viruses that are modi- 
fied by cultivation in nonnervous tissue, whether of human or cynomolgus ori- 
gin, possess a greater capacity for oral infectivity in chimpanzees than in 
cynomolgus monkeys. Thus the feeding of 15 ml. of the Brunhilde strain 
propagated in human tissue by Enders, Weller, and Robbins produced antibody 
in only 2 of 20 cynomolgus monkeys, while all 4 chimpanzees which received 
only 5 ml. of the same culture fluid developed antibody.2, The Mahoney, KP33 
variant propagated in cynomolgus kidney tissue and administered in a 32- 
times greater dose than the Brunhilde strain in terms of tissue culture infective 
doses produced antibody in 8 of 20 monkeys, while much smaller amounts 
sufficed to produce an immunogenic infection in chimpanzees. The same 
difference in response of cynomolgus monkeys and chimpanzees is also apparent 
after intramuscular injection. The data shown in TABLE 2 indicate that 10*-* to 
10*7 TCD 50 of the Brunhilde and Mahoney strains of the type 1 virus, contained 
in as little as 0.001 ml. of culture fluid, sufficed to immunize all chimpanzees, 
but only a small proportion of cynomolgus monkeys. A similar small amount 
of the type 3, Leon virus, however, was also without effect in chimpanzees. 

The data presented in TABLE 3 show the antibody response of chimpanzees to 
a single feeding of three strains of type 1 virus. With the exception of one sick 
chimpanzee that died of intercurrent disease in six weeks, four others developed 
antibody in the indicated levels within two weeks after oral administration of 
10'* TCDso in 0.5 ml. culture fluid of the Mahoney, KP33 strain. The response 
was the same, whether the type 1 virus was given by itself or mixed with similar 
amounts of types 2 and 3 viruses. The antibody titers were generally of the 
same order of magnitude at 12 weeks as at 4 weeks. The 4 chimpanzees that 
developed antibody, all excreted virus—2 of them for as long as 84 days. 
When only 0.001 ml. of the same culture fluid was fed to three chimpanzees, 
only one developed antibody, but not until four weeks after feeding, although 
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TABLE 1 


oe ORAL INFEcTIVITY IN CyNomoLcUS MONKEYS AND CHIMPANZEES OF Type 1 
OLIOMYELITIS VrRUSES MoprrigeD By CULTIVATION IN NONNERVOUS TISSUE 


= 


Inoculum No. developed antibody 
Strain of virus 
Mi. fed LogioTCDs0 Cynomolgus Chimpanzee 

Brunhilde, Enders et al. (Human 15 6.9 2/20 — 
tissue) 5S 6.4 = 4/4 
Mahoney, KP 33 (Cynomolgus ied 8.4 8/20 — 
kidney) 0.5 lew — 4/5 
0.001 4.5 — 1/3 

TABLE 2 


VARYING CAPACITY OF SMALL AMOUNTS OF POLIOMYELITIS VIRUSES TO PRODUCE 
IMMUNOGENIC INFECTION AFTER INTRAMUSCULAR INJECTION IN CyNoMooGUS 
MONKEYS AND CHIMPANZEES 


Viruses Segregated by Cultivation in Nonnervous Tissue 


Am’t. inoculated No. developed antibody 
Type and strain of virus 

Ml. TCDs0 Logio Cynomolgi Chimpanzees 
1-Brunhilde, (Enders et al.) Hu- 10) Seri 3/9 _- 
man tissue 0.1 4.7 3/10 4/4, 
1-Mahoney, KP 33, Cynomolgus 0.01 5.9 Sys; — 
kidney 0.001 4.5 2/9 3/3 
3-Leon, KP 34, Cynomolgus 0.1 6.4 4/5 3/3 
kidney 0.01 5.4 2/5 — 
0.001 4.4 2/5 0/2 
0.00,001 2.4 1/5 0/3 


virus excretion in amounts of about 104 TCDs5o per gram of feces was already 
evident at seven days after feeding, and continued for at least six weeks. The 
results with a tissue culture derivative of the mouse-adapted Mahoney virus of 
Li and Schaeffer (LSa) indicate that some strains may be very poorly immuno- 
genic in chimpanzees, even though they can multiply in the alimentary tract. 
Thus two of the three chimpanzees that received 10’ TCDso already excreted 
virus in amounts of 102-* to 10? TCD5» per gram of feces at seven days, but one 
of them still had no demonstrable antibody in six weeks The third chimpan- 
zee, in whose feces no virus was detected, developed a trace of antibody at one 
and two weeks but none was demonstrable at three, four, five, and six weeks. 
On the other hand, all four chimpanzees that received only 10°-4* TCD5o of the 
Brunhilde strain developed antibody, even though only one of them excreted 
virus, and that at a low level. 

The test carried out with the type 2, YSK, KP51 virus shown in TABLE 4 may 
have been complicated by the fact that the first three chimpanzees had spon- 
taneously acquired type 3 antibody, which may have been due to recent infec- 
tion. The animals were used shortly after arrival from Africa, and one of the 
chimpanzees from the same shipment had a spontaneous poliomyelitis infection 
on arrival that yielded a monkey-intracerebrally-virulent type 3 virus. Two 
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TABLE 3 


AntrBopy RESPONSE OF CHIMPANZEES TO FEEDING OF MONKEY INTRACEREBRALLY 
AVIRULENT TypE 1 VIRUSES 


= 


— 


= 


Antibody titer—weeks after single dose 
Chimpanzee 
Virus fed Dose Noo 
Pre 1 2H Sot te: 6 12 
Mahoney, KP 33. Aviru- | 0.5 ml. 1 (6876)| 0 0 0} 0} 010 <— Died— 
lent for chimpanzees | 107?TCDs50 park e o> 
i lsease 
PU ne 2 (6877)| 0 | 0 | 4|200| 64] 20; 13 | 130 
3 (6881)! O 0 |20) 64} 64) 32; 40 | 130 
As above + 107?/ 4 (6872)| 0 0 |32/320) 64) 32; 64 64 
TCD;.—type | 5 (6873)| 0 0 |+} 32/320) 64; 64 64 
2eand Ot 
TCD50—type 
3 
0.001 ml. 6 (7343)| 0 0 0} O| O 0 
10!°TCD5o0 7 (7404)| 0 0 0} O} O 0 
8 (7406)} 0 0 0} Oj} 4| 200 
Mahoney, “LS a”. Segre-| 1 ml. 10’TCD50 | 9 (7336)| 0 0 0} O| O 0 
gated by terminal 10 (7344)| 0 0 Qe Gy) ay 
dilution in monkey 11 (7409)| 0 | trace |4} 0} O 0 
kidney tissue culture 
Brunhilde, “Enders et | 5 ml. 10®4“T'CDs5o |12 (4860)} 0 0 OW S200 
al.’ Human tissue 13 (4861)) 0 0 0} 32/200 50* 
culture 14 (4862)) 0 0 OF S852 es 
15 (4868)| 0 0 0} O} 4) 100* 


* These are titers at five weeks rather than at six weeks. 


TABLE 4 


ANTIBODY RESPONSE OF CHIMPANZEES TO FEEDING OF CHIMPANZEE-AVIRULENT TYPE 2 
Virus (YSK, KP 51) 


; Antibody titer—weeks after single dose 
Dose Chimpanzee 
Pre| 1 2 3 4 6 12 26 
1 ml. 107?T CD50 1* (6883) | 0) 0 0 0} 0} O Died—inter- 
current 
disease 
2* (6884) | 0] 0 0 0} 3 = 6 
De (OSG25) a0 POMS 64/250) 640; 640 | 130 
As above + 107?TCDs0o—type 1 | 4 (6872) | 0 | 0 |200 64/200} 200; 64 400 
and 1074TCD;.—type 3 5 (6873) | 0 | 0 |100/2 000/320} 320; 400 64 


_ * These chimpanzees had spontaneously acquired type 3 antibody which may have been due to recent infec- 
tion. Possibility of modification of type 2 infection must be considered. 


other chimpanzees that had been in the laboratory for many months, however, 
and had no antibody for any of the three types, were used at the same time and 
developed antibody in high titer, even though the same dose of type 2 virus was 
mixed with equal amounts of types 1 and 3 virus. Only one of the four chim- 
panzees that developed antibody excreted virus, and that on only one occasion 
and in very small amount. 

The chimpanzees used for the test with the type 3 virus had no antibody for 
any of the three types to begin with. The data shown in TABLE 5 indicate that 
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TABLE 5 


ANTIBODY RESPONSE OF CHIMPANZEES TO FEEDING OF CHIMPANZEE-AVIRULENT TyPE 3 
Virus (LEon, KP 34) 


; Antibody titer—weeks after single dose 
Doce Cain pruzZeS 
Pre| 1 DNS, 4 6 12 14 16 | 18 
1 ml. 107*TCD5o 1 (6871) | 0 | O | 4} 32/320] 320; 64/64 
2 (6874) | 0 | 0 |64/320/250 320; 64/64 
3 (6880) | 0 | 0 | 3) 6) 32| 64; 64 164 
As above + 1072TCD;0.—type 1 | 4 (6872) |0|01| 0} O| O 0 0} O 0 |64 
and 10’?TCDj—type 2 ++ il 
1074“TCD;.—type 3 at 14 weeks | 5 (6873) |0/0/] 0} O| O 0 0; O 3 {20 
il 
virus 
0.001 ml. 10?4TCDs5o 6 (7404) |}0/0)}]0) O| OF O 
7 (7405) |0|0/ 0; O}| O| O 
8 (7406) |0]0/ 0} 0} O 0 


— 


one dose of 10’:* TCD50 produced antibody in the indicated titers in all three 
chimpanzees within two weeks, and all excreted virus for short periods of time. 
However, in two other chimpanzees that were used at the same time and re- 
ceived the same dose of type 3 virus mixed with equal amounts of types 1 and 2 
virus, the type 3 infection was completely suppressed.’ When type 3 antibody 
was still absent at 14 weeks, the same dose of type 3 virus was repeated by 
mouth, and both developed type 3 antibody within two to three weeks. Ex- 
cretion of type 3 virus was detected in one, but not the other. A single feeding 
of 0.001 ml. of the type 3 culture fluid resulted neither in virus excretion nor in 
antibody development. 

The data shown in TABLE 6 indicate that the antibody response resulting 
from intramuscular infection with this strain of type 3 virus is not only of a 
lower order than that resulting from oral infection, but also does not persist. 
Two of the 3 intramuscularly inoculated chimpanzees lost practically all of their 


TABLE 6 


DIFFERENCE IN ANTIBODY RESPONSE OF CHIMPANZEES TO FEEDING AND INTRAMUSCULAR 
INJECTION OF CHIMPANZEE-AVIRULENT TyPE 3 Virus (Leon, KP 34) 


= 


— 


: Antibody titer—weeks after virus 
Route and dose ealnpatece ; 
Pred ey 2 tes 1 4 6 8 12 
Oral, 1 ml. 107-*T'CDso0 1 (6871) | 0 | O} 4) 32/320) 320; 64 64 
2 (6874) | O | 0|64/320)/250| 320; 64 64 
3 (6880) | 0 | 0} 3} 6) 32) 64; 64 64; 64 
4* (6872) | 0 | 0} 0} 32) 64) 200 
5* (6873) | 0 | 0} 3) 32! 20 m A “ 
0.1 mi, 108“TED 6 (7335) | 0 | 6) 4) 20) 20 
aoe “ 7 (7336) | 0 |10/10| 10} 4| 3 |02| O?t 
8 (7337). || 0 \20132| 6) 4 4 |4 At 


== eee = . 
z 5 = a : h 
* These chimpanzees had previously been fed a mixture of all three types of virus and failed to respond wit 
type 3 aueihody. When tics, were again fed type 3 virus 14 weeks later, they had high titers of types ] and 2 
antibody. The other chimpanzees (Nos. 1, 2, 3, 6, 7, and 8) had no antibody for any type of poliomyelitis virus 
at the time of virus administration. ‘ : ; 
+ These titers are for 11 weeks after inoculation of virus. 
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TABLE 7 


ExcreTION OF Virus AND VIREMIA AMONG CHIMPANZEES INFECTED BY ORAL OR 
INTRAMUSCULAR ADMINISTRATION OF CHIMPANZEE-AVIRULENT POLIOMYELITIS 


VIRUSES 
7 Number Number _ Number 
Route Type of virus sain: exeolee ay 
al 1 9 6 0 
aa 2 4 1 0 
3 5 4 0 
Total 18 11 0 
Intramuscular 1 9 0 @) 
2 Z 0 0 
3 5 0 0 
Total 16 0 0 


antibody by 11 weeks. This was not found to be the case in chimpanzees 
inoculated intramuscularly with a similar dose of type 2 virus—in these, the 
antibody developed in high titer and persisted at a high level, as it did in those 
that received the virus by mouth. These observations indicate that not all 
strains are equally suited for immunization by parenteral routes, and that com- 
parative studies on oral versus parenteral modes of immunization must take 
into account not only the initial antibody response but also its duration. 

A summary of the tests for viremia and virus excretion in the chimpanzees 
that developed antibody is shown in TABLE 7. The tests for viremia carried 
out at 5, 7, 10, and 14 days after administration of virus were negative in all 
chimpanzees. Whereas virus excretion was detected in 11 of the 18 oral infec- 
tions, none was demonstrable in the 16 intramuscular infections. Thus ab- 
sence of readily demonstrable viremia is another important distinguishing 
feature between the avirulent and virulent poliomyelitis viruses.’ The fact 
that parenteral administration of the avirulent viruses results in what appears 
to be a closed infection, in the sense that no virus is excreted, may be one of the 
points in favor of using this route for immunization, provided strains can be 
found that will produce a durable immunity. 

The character of the virus excreted by the chimpanzees was tested by intra- 
cerebral inoculation in monkeys in two ways: (1) by inoculation of a 10 per cent 
stool suspension containing from 10!:> to 108-5 TCDso of virus; and (2) by inocu- 
lation of the virus growing out from the stools in tissue culture. These tests 
revealed that after feeding of the intracerebrally avirulent, Mahoney KP33 
strain, a small proportion of the progeny that developed in the alimentary tract 
of the chimpanzees were intracerebrally virulent for monkeys. Even when 
virus excretion continued for 84 days, these particles did not become dominant, 
nor did a second passage of the original stools in the alimentary tract of chim- 
panzees establish them as the dominant population. It is especially note- 
worthy that this does not represent a reverse mutation to the virulence of the 
parent Mahoney virus, since the intracerebrally virulent particles grown out in 
tissue culture from chimpanzee stools did not produce paralysis in intramuscu- 
larly inoculated cynomolgus monkeys, nor did they produce paralysis or neu- 
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ronal lesions after direct spinal inoculation in three chimpanzees. It is also 
noteworthy that such intracerebrally virulent mutants were not encountered 
in the chimpanzees fed the Brunhilde strain or the poorly immunogenic tissue 
culture derivative of the Li-Schaeffer mouse-adapted Mahoney virus. 

The purpose of the first preliminary tests on human volunteers was to deter- 
mine whether chimpanzee-avirulent virus would multiply in the human ali- 
mentary tract. The first tests were done on three individuals who had low 
titers of antibody, and the data are shown in FIGURE 1. The man who swal- 
lowed 1 ml. of type 2 culture fluid excreted virus at 7 and 10 days at levels of 
1022 to 10?-> TCDs0 per gram of feces and his type 2 antibody increased from a 
titer of 1:32 to 1:3200 at which it has persisted for about six months. There 
was no significant change in the titers of type 1 and type 3 antibody. The 
excreted virus contained no intracerebrally virulent mutants. Two men swal- 
lowed 1 ml. of the type 3 virus. The man who had a type 3 antibody titer of 
1:32 to begin with did not excrete virus and exhibited no change in titer over 
a period of six months. The other man whose type 3 antibody fluctuated from 
1:3 to 1:15 during the preceding months, excreted virus at seven days at a 
level of 102-2 TCDso per gram of feces and showed an increase in the type 3 
antibody to a titer of 1:320 which gradually returned to a level of 1:32 which 
is still present at six months. The excreted virus contained no intracerebrally 
virulent mutant. 

Tests are now in progress on a larger number of human volunteers who have 
no demonstrable antibody for the type of administered virus.t The purpose of 
these and future tests is to obtain a quantitative estimate of the relative sus- 
ceptibility of human beings and chimpanzees to immunogenic infections with 
small amounts of chimpanzee-avirulent viruses, as well as to test for viremia 
and the amount and character of excreted virus. 

In conclusion, I should like to say that I consider it unwise to have precon- 
ceived notions about the duration of immunity produced by living avirulent or 
killed virus vaccines. It is obvious that both will have to be studied under 
carefully controlled conditions over a period of many years before we will know 
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the answer. Although we have learned a great deal in the last two years, I 
think that we are at the beginning rather than at the end of our studies of this 


important problem. 
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SUMMARY AND REVIEW OF POLIOMYELITIS 
IMMUNIZATION 


By Thomas Francis, Jr. 


University of Michigan, Ann Arbor, Mich 


I wish I had the elegance of expression to discuss adequately the excellent 
foregoing studies on poliomyelitis immunization. Although the basic contents 
are familiar, the details presented were entirely new, so that I was cold, too, on 
receiving them. It is difficult to take a position of critic with respect to the 
material because each writer has so completely built his protective fence by 
labelling much of his discussion speculation. But then I can feel free to indulge 
in speculation, too. 

Doctor Koprowski has fortunately provided a fine text with his references to 
Bertrand Russell and Aristotle. It happens that I recall, too, that in one of 
his Unpopular Essays, Russell pointed out that we frequently remember a man 
for the brilliant sayings ascribed to him and forget many of his absurdities. 
Despite his other brilliance, Aristotle, according to Russell, belonged to the 
group that believed that women had fewer teeth than men, whereas all he 
needed to do was to look in Mrs. Aristotle’s mouth and make an observation. 
This serves only to emphasize that, however deeply we may be impressed by our 
opinion, the evidence gained by putting the thesis to test is, in the end, the 
deciding factor. 

This may be, however, an appropriate time to consider the concepts involved 
in the two approaches to immunization against poliomyelitis that are repre- 
sented in the data contained in the papers presented in this monograph. We 
grow accustomed to muddied water, just as the cryptobranchs do, but one may 
try to look at the situation clearly in terms of the immunologic principles in- 
volved. 

One approach follows the argument that good immunization against virus 
infection can be attained only by modified infection, and it offers, as support, 
the statement that the two most effective vaccines are those against smallpox 
and yellow fever. This is a two-case generalization that deserves some scru- 
tiny. First of all, the pathogenesis of the diseases must be considered. In the 
case of yellow fever, there is no evidence that inactivated virus will not induce 
good immunity in man, and, because of the viremic character of the illness, I 
would wager that it could. Furthermore, proper gamma globulin would proba- 
bly protect. Measles and hepatitis are outstanding invitations to vaccination 
with inactive virus by virtue of the extensive evidence that antibodies furnished 
by gamma globulin are highly protective. The studies of Kempe with gamma 
globulin in the prevention of small pox again indicate that infection is not a 
requisite for protection. Similarly, the ready demonstration of protection of 
experimental animals against poliomyelitis by gamma globulin, as well as the 
field studies of Hammon and his colleagues in man, again support the concept 
that antibodies alone can prevent this disease. 

The two outlooks are, then, simply this: inactive virus vaccine is apparently 


a test of the straightforward hypothesis that antibody induced by the adminis- 
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tration of antigen can provide protection without subjecting the recipient to 
harmful effects of even the inapparent infection. The other, through the use 
of modified active virus, seeks to induce antibody formation, but wishes to add 
some undesignated advantage derived from assumedly harmless infection (Iam 
not certain that any significant infection may not create undesirable tissue re- 
actions). The solidity of immunity after natural infection is quite apparent 
with certain virus diseases. With others, its impermanence is illustrated by 
recurrences without added infection. The advantages of infection have been 
variously ascribed to tissue immunity, persistence of immunogenic virus, and 
increased or widely dispersed dosage, and the latter seems perhaps the most 
important. 

One is bound to be influenced by his background and experience. Influenced 
by one of our early studies that demonstrated the capacity of purified pneu- 
monococcus polysaccharide to induce specific immunity in man, I favor an 
immunologic outlook which would avoid infection and seek the active immuniz- 
ing principles. This, I think, is the line of future immunologic advance rather 
than to create an inapparent infection that appears harmless, perhaps only be- 
cause we are working at such a gross level for detection of injury. 

I might point out that our first studies with influenza vaccine were made by 
injection of active virus, later with inhalation of active virus. The evidence 
changed our approach because we obtained better results with injection of in- 
active virus than by intranasal administration of active virus. 

Which of these approaches to poliomyelitis will be the more effective is, then, 
not a decision to be arrived at by authority and debate, but by looking in Mrs. 
Aristotle’s mouth and really making the observations. When the conditions 
are appropriate, tests should be made. This is the beginning, not the end. 
Continuing studies on all these lines are highly desirable, and conclusions will 
be based on the evidence obtained, not upon the weight of opinion. 

There are a few comments relating to specific data we have seen. It is ap- 
parent that circulating antibodies of significant level do not prevent alimentary 
infection with poliomyelitis virus. Hence, natural reinforcement is not pre- 
vented. Diphtheria is a striking example of the fact, however, that prevention 
of active disease reduces the reservoir but does not necessarily eliminate the 
organism. Doctor Sabin’s data indicate that intramuscular inoculation of his 
modified agents requires just about as much active virus to induce antibodies 
with regularity as is required with inactive virus. If there is no multiplication 
and the route is not the ‘‘presumed”’ natural one, one wonders what advantage 
this can have over well-prepared inactive material. Doctor Koprowski, in 
listing his optimal requirements of active virus for immunization by the ali- 
mentary route, stated that it should not be detectable in the feces after feeding. 
Does this mean it would not multiply, or that it would be concealed or masked 
in some way? There are those who suggest that modified virus given in this 
manner might advantageously be distributed and maintained by the usual 
contaminating methods to support the immunity of a population continuously. 

To conclude, I wish to express my thanks for the opportunity of reading these 
fine reports. I should also repeat that the first efforts are rarely the final ones, 
but that progress in the field is an unending pursuit. 


SUMMARY AND FORECAST: POLIOMYELITIS IN 1984 


By G. S. Wilson 


Public Health Laboratory Service (England and Wales), Medical Research Council, 
London, England 


I find myself in an honored but very precarious position. When Doctor 
Habel wrote to me, some months ago, inviting me to sum up the results of the 
conference on which this monographis based, he made it clear that he was look- 
ing for someone who knew nothing about poliomyelitis. In that respect his 
choice could not have been more fortunate. I have had practically no firsthand 
experience of the disease, and such indirect knowledge as I have gained from 
reading and from discussion with my colleagues is not such as to prejudice me 
consciously in favor of or against any particular view. Unfortunately, igno- 
rance is not the only qualification needed. Had I the necessary imaginative 
insight, I should be able to tell you how poliomyelitis would behave during the 
next thirty years, whether left uncontrolled or attacked with all the vigor 
characteristic of your people. But I do not have such insight, and even the 
title of my paper is not of my choosing. I am no Hebrew prophet, and I lay 
no claim to that gift of foresight which, as Wilfred Trotter said, is the supreme 
test of scientific validity. The study of epidemiology is still in its childhood. 
The factors determining the course of an infectious disease are so numerous and 
so complex that he would be a bold man who would dare to predict the part 
played by poliomyelitis in the year 1984. All I can hope to do is to attempt to 
pick out what, to my mind, are the high lights in the picture, and to suggest 
which parts require more detailed brushwork. Arnold Bennett used to say 
that no man could be a good critic who was not himself a creative artist, and I 
must therefore beg you to excuse me if my lack of expert knowledge of your 
subject leads me into those gaucheries which are characteristic of the inexperi- 
enced. 


Cultivation and Recognition of the Virus 


I need say little about the methods of cultivating and recognizing the virus. 
They have made rapid progress during the last few years, and the work of 
Enders and his colleagues, complementing, as he himself has pointed out, two 
of the basic contributions to poliomyelitis research, namely Armstrong’s adap- 
tation in 1935 of the Lansing strain to mice and cotton-rats, and the preparation 
by Casals and Olitsky, in 1950, of a complement-fixing antigen from the in- 
fected brains of suckling mice, has just received, in the Nobel award, a recogni- 
tion which all of us are delighted to pay to it. 

Cell Susceptibility 

The papers in this monograph dealing with cell susceptibility have already 
been summarized by Doctor Luria. Ample evilence is now at hand to demon- 
strate the predisposing effect of injections of certain prophylactic agents and of 
tonsillectomy, but it is still doubtful how far prophylactic injections act by 
localizing an active infection, and how far by converting into clinical disease 
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an infection that would otherwise have remained latent. Do such injections, 
for example, play no more than the part of a fixation abscess in a staphylococal 
septicemia, or have they the same determinant effect that calcium ions have in 
activating washed tetanus spores in the guinea pig or that splenectomy has in 
activating Hemobartonella in the rat? Doctor Paffenbarger’s results indicate 
that tonsillectomy falls into this latter category, but the mechanism by which 
it acts still awaits elucidation. 


Inhibition of Growth of the Virus 


Tama little surprised that, though much has been said about ways of altering 
the susceptibility of the cell, there has been little or no mention of ways of alter- 
ing the susceptibility of the virus. Surely this is a subject that deserves atten- 
tion. Can the striking effect of sulphonamides and penicillin on bacteria be 
reproduced in the viruses? We know that p-aminobenzoic acid and methylene 
blue interfere with the growth of rickettsiae in egg culture and that, in man, 
chloramphenicol has an even stronger effect. There is evidence that members 
of the lymphogranuloma-psittacosis group exhibit some degree of susceptibility 
to the nitroacridines, the quinoxalines and, still more, the tetracyclines. In the 
influenza group, the intracellular growth of the virus can be blocked at different 
stages by sodium fluoroacetate, which appears to interrupt the Krebs cycle, and 
by basic dyes of the triphenylmethane group, which possibly affect the metabo- 
lism of ribonucleic acid in the infected cell. Moreover, the injection of sodium 
fluoroacetate into mice shortly before the intracerebral inoculation of Lansing 
virus is reported to inhibit the early stage of growth of the virus and to delay 
the onset of the disease. Further, according to Shope, the antibiotic helenine 
inhibits the im vivo reproduction of the Columbia SK and the Semliki Forest 
viruses in mice. Finally, we have the curious observation of Sanders, that the 
development of poliomyelitis may be prevented by the injection of detoxified 
cobra venom. 

These findings, though few and inconspicuous, are nevertheless sufficient to 
hold out hope that further investigations may not prove altogether fruitless. 
I suspect that the real obstacle to success lies not so much in the impossibility 
of the end as in the means of reaching it. During the past 20 years or so, thou- 
sands of chemical and mold products have been examined, resulting in the 
selection of not more than a score of substances having useful antibacterial 
activity. No rapid screening method is yet available to carry out a similar 
quest on viruses. Until a satisfactory method is devised, the discovery of anti- 


viral substances applicable to human and veterinary medicine is likely to be 
slow. 


Variations in Virulence 


I have little to add to Doctor Hattie Alexander’s summary on variations in 
virulence of the virus. Studies of this type are of value partly because they 
improve our knowledge of the pathogenesis of the disease, and partly because 
they provide us with strains of a suitable degree of attenuation to be employed 
as living vaccines. It seems to me unfortunate that so little attention is now 
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paid to the major problem of virulence and susceptibility. Modern bacteriolo- 
gists spend much of their time in the infinitely tedious study of minor biochemi- 
cal and antigenic differences, and in adding small pieces of factual information 
to their own highly specialized fields of inquiry, without realizing that the whole 
aim of science is to generalize and to simplify. Admittedly factual information 
has to be collected before this is possible. Did not Henry James say that it 
takes a great deal of history to make a little literature? But my point is that 
we must continuously bear in mind the ultimate aim, that of explaining how and 
why infection occurs. Why is it that some organisms gain a lodgment in the 
tissues without giving rise to disease, and others, though pathogenic when 
artificially introduced into the tissues, are unable to spread from one host to 
another? These, and similar fundamental questions, are queries that I believe 
the virologists, with their growing mastery of technique, including their ability 
to study the intimate relation existing between the virus and the cell, may goa 
long way towards answering. 


Mode of Spread of Infection 


The discussions in this monograph on the relation between the virus and the 
community have raised the problem of how poliomyelitis infection spreads. 
This is indeed a puzzle. Broadly speaking, there are two schools of thought. 
The one, influenced by the apparent restriction of the virus to the immediate 
vicinity of the patient, insists that infection is limited to a small number of foci 
and spreads in a narrow stream. The other, influenced by the widespread dis- 
tribution of neutralizing antibodies in the population, believes that infection 
must also be widely disseminated. The question really is: Does poliomyelitis 
behave like typhoid fever or cerebrospinal meningitis? The evidence at present 
is conflicting and difficult to interpret. More information is required, particu- 
larly of a quantitative nature. How often, for example, can case-to-case or 
case-to-carrier infection be established? The findings differ enormously. 
Thus Casey, studying the outbreak in Alabama in 1941, traced a contact history 
between patient and patient in 80 per cent of the 121 cases observed. On the 
other hand, in the 1950 outbreak at Dudley in Worcestershire, England, re- 
corded by Lawson, case-to-case infection could not be demonstrated in a single 
one of the 63 cases that were noted. Investigations might be directed profita- 
bly toward ascertaining the proportion of the population that develops neutral- 
izing antibodies to the different antigenic types of virus in the absence of any 
known. contact with patients suffering from the disease, in much the same way 
as Fox and his colleagues have done in Louisiana, and Hammon and his col- 
leagues in the Philippines. 

We may say confidently that poliomyelitis does not resemble pulmonary 
tuberculosis, a disease in which all infection occurs from open cases and in which 
no infectious healthy carriers exist. If complete segregation could be imposed 
on all patients suffering from the disease, tuberculosis could be stamped out. 
But in poliomyelitis, our herd immunity, for the present at any rate, must rest 
on the same processes of latent infection and natural immunization as in diph- 
theria and scarlet fever. Our task is to learn how to make use of this mecha- 
nism without paying too great a price in the form of clinical disease. 
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Route of Access of Infection to the Body 


This leads on to another question. Can we, in practice, control what Dudley 
called the velocity of infection? To answer this question we must know in 
what form and by what route infective material gains entrance to the human 
body. Is it in the form of fecal material ingested by the mouth, or of pharyn- 
geal droplets inhaled by the nose? Is poliomyelitis, in fact, an enteric or a 
respiratory infection? There is strong evidence pointing in both directions. 
In considering it, we must not lose sight of the curious anomaly presented by 
the fact that, though the virus may be demonstrated in the stools for several days 
before and for several weeks after the onset of the disease, the patient appears 
to be infectious for only a few days before and a few days after the appearance 
of symptoms. ‘The further fact that it is only during this period of infectivity 
that the virus can be demonstrated in the pharyngeal secretions suggests that 
infection is essentially of the droplet type. The position is, in some respects, 
analogous to that of scarlet fever, in which the patient appears to be infectious 
for only a few days at the beginning of the disease, in spite of the fact that he 
may continue to excrete streptococci for some weeks into convalescence. Does 
the patient’s loss of infectivity depend simply on the disappearance of virus 
from the pharynx as soon as neutralizing antibodies are formed, or is there, in 
addition, some change in virulence that lessens its ability to spread from host 
to host? Again, if the virus persists in the intestinal tract and is excreted in a 
fully virulent and fully infective form, why does the patient cease to be infec- 
tious? Does this depend on the difference in the route of access to the body? 
We know that, in man, tubercle bacilli are far more likely to set up disease when 
inhaled than when ingested. May the same thing hold true of poliomyelitis? 
The rhesus monkey is insusceptible to infection by the mouth, though it can be 
infected by the nose. Cynomolgus monkeys and chimpanzees can be infected 
by the mouth, but even they are far more susceptible to infection by the intra- 
nasal route. Possibly man is most likely to contract the disease when he in- 
hales the pharyngeal secretions of the patient, and most likely to develop a 
latent immunizing infection when he ingests the excretal material of patients 
and healthy carriers. 

To resolve the anomaly, we need such an investigation as that carried out by 
Capps and his colleagues on infectious hepatitis. You will remember that they 
brought to an end a long-standing outbreak among the nursing staff of an or- 
phanage by restricting enteric spread from the children without interfering with 
spread by the respiratory route. I see no simple way of repeating this investi- 
gation on poliomyelitis, but methods must be devised for deciding what part 
each of these routes plays in the spread of infection. 

At the same time, some explanation should be sought for the peculiar seasonal 
incidence of the disease. If infection occurs by the respiratory route, why do 
cases occur almost solely in the summer and autumn months? If it occurs by 
the enteric route, why should a disease that appears to be generally independent 


of carriage by water, milk, food, or flies occur in the summer, and not in the 
winter when human contact is most close? 
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Prophylactic Vaccination 


Lastly, we must consider whether prophylactic inoculation can be used to 
raise the immunity of the individual. ‘There is no call for me to argue the case 
in favor of vaccination. In view of what we know of the epidemiology of the 
disease, it provides us with the most hopeful line of attack. The increasing 
evidence in favor of the occurrence of a viremic stage in the development of the 
disease adds enormously to our confidence in the correctness of this view. 
Admittedly, the controversy between the exponents of the viremic mode of 
pathogenesis and of the direct intraneural spread of the virus has still to be 
resolved, but what we have learned about the protective value of y-globulin 
under experimental conditions, and of the association, under natural conditions, 
between the presence of type-specific neutralizing antibodies and resistance to 
the disease entitles us to aim at the production of a high level of humoral anti- 
bodies. 

How this is to be attained, I do not profess to know, but we may draw upon 
our general knowledge of immunity in other diseases to guide us. Everyone 
will pay respect to the assiduity with which the present large-scale field trial of 
Salk’s formolized vaccine is being pursued but, if there is one generalization in 
immunology to which I know no exception, it is that the more virulent a vaccine 
is, provided it does not itself cause the disease, the greater is the degree of pro- 
tection it affords. Thus a living, slightly attenuated vaccine is more potent 
than a highly attenuated vaccine, and a vaccine prepared from a given strain is 
more potent when alive than dead. If, therefore, we are to establish a fairly 
high-grade, long-lasting immunity, we must concentrate on the development of 
strains of living virus attenuated to a suitable degree by one means or other. 

This may prove a difficult task. Strains of the right degree of attenuation 
and immunizing ability are not easy to find or to produce. In other diseases, 
only one or two such strains are available. Thus in anthrax, we have the 
Carbozoo strain; in tuberculosis, the Calmette-Guérin strain; in yellow fever, 
the 17D strain; in rinderpest, the Kabete strain; and, in rabies, the Flury 
strain. Even if we did find suitable strains for poliomyelitis, however, we 
might still fail to obtain the desired degree of immunity. ee 

Is it accidental or is it significant that the virus diseases in which vaccination 
has proved most successful are those caused by only one type of virus—small- 
pox, yellow fever, rinderpest, swine fever? The occurrence of multiple virus 
types adds greatly to the difficulty of successful vaccination. In the first place, 
there is no guarantee that, when protection has been afforded to the known 
types, a new type may not arise and cause unexpected havoc. Secondly, we 
are becoming aware only now, through the work of Glenny and Barr, of the 
difficulty of eliciting equally powerful responses to each of the multiple anti- 
genic components of a vaccine. ‘The reaction of the body to a mixed vaccine 
depends not only on the antigenic potency of each of the components, but on 
the pre-existing level of immunity towards them. If there 1s antibody to one of 
them, then the antibody response to the others may be partly or completely 
suppressed. Our experience of attempted protection by a formolized vaccine 
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against foot-and-mouth disease—a disease caused by at least three different 
types of virus—has not been fortunate, and we may find that the same thing 
holds true of poliomyelitis. 

If we decide to use a killed vaccine, we shall probably have to rely on the 
continuance of latent infection to reinforce the resulting immunity. If we can 
find an effective living attenuated vaccine and can make its use in any given 
country almost universal, it is possible that the chain of infection may be broken 
and that the disease may die out through lack of susceptible hosts in which to 
spread. 

On the whole, I think the outlook is hopeful. When we have succeeded in 
preparing a suitable vaccine and, at the same time, learned how to regulate the 
velocity of infection in relation to the degree of protection afforded by the 


vaccine, I believe that, for all practical purposes, we shall have solved the prob- 
lem of poliomyelitis. 
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